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MODEL  TESTS  AND  SCALING 
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Hans  G..  Snay 


ABSTRACT:  The  scaling  analysis  of  underwater  explosion  phenomena 
is  described.  Particular  emphasis  is  given  to  the  possibilities 
of  studying  nuclear  explosions  by  means  of  small  scale  model 
tests. 

The  concept  of  "consistent  similitude"  is  stressed  and  is 
compared  with  dimensional  analysis.  The  discussion  covers  most 
underwater  explosion  phenomena.  The  scaling  of  bubble  phenomena 
is  surveyed  in  detail.  A  rule-of-thumb  is  given  for  the  scaling 
of  field  model  explosions,  i.e.,  tests  in  open  water.  (U) 
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MODEL  TESTS  AND  SCALING 
I .  INTRODUCTION 

1,1  Scientific  Knowledge  and  State  of  Art.  BirTchoff,  whose  book 
"Hydrodynamics"  (1950)  contains  one  of  the  best  concise  mathe¬ 
matical.  accounts  of  model  tests  and  scaling,  comments  on  this 
subject  as  follows:  "The  use  of  models  has  an  appeal  for 
eveiryone  endowed  with  natural  curiosity.  What  active  boy  has 
not  played  with  ship  and  airplane  models,  or  crude  models  of 
dam  and  drainage  systems?  Even  in  the  most  advanced  technical 
engineering,  such  models  play  a  fundamental  and  indispensable 
role."  Birkhoff  continues:  "And  yet  in  few  departments  of  the 
physical  sciences  is  there  a  wider  gap  between  theory  and 
practice,  between  scientific  knowledge  and  the  state  of  the 
art  than  in  the  use  of  models." 

One  of  the  many  reasons  for  this  gap  is  the  following.  The 
theory  of  models  more  often  than  not  renders  the  clear-cut,  but 
disappointing,  result  that  some  events  cannot  be  strictly  scaled. 
"Art"  replaces  "science"  when,  in  spite  of  this  result,  attempts 
are  made  to  make  use  of  model  tests. 

The  introduction  of  nuclear  weapons  has  considerably  increased 
the  interest  in  the  possibilities  inherent  in  small  scale 
experiments  with  explosions.  Many  nuclear  underwater  explosion 
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phenomena  have  been  studied  by  model  tests.  In  fact  the  modeling 

of  nuclear  explosions  has  became  a  highly  important  subject, 

because  (a)  the  number  of  nuclear  tests  must  be  kept  to  a 

minimum  for  well-knawn  reasons,  ai^  (b)  even  with  unlimited 

nuclear  testing,  it  would  not  be  practical  to  cover  the  entire 

area  of  interest,  since  this  would  require  an  unjustifiable 

effort  in  manpower  and  cost.  It  is  for  these  reasons  that  the 

subject  of  model  tests  and  scaling  will  be  discussed  in  this 

study  as  explicitly  and  in  as  an  elementsiry  way  as  possible. 

1#2  The  Attitudes  Toward  Modeling  in  Various  Fields.  Model 

testing  has  been  used  with  convincing  imccess  in  many  areas  of 

the  physical  and  engineering  sciences.  The  development  of 

modern  ships  and  airplanes  would  be  unthinkable  without  this 

tool.  Another  area  of  model  testing  covers  the  flow  phenomena 

in  rivers,  estuaries  and  near  the  beaches  of  the  ocean.  The 

magnetic  signature  of  ships  can  be  determined  by  means  of  models. 

The  strength  of  complicated  structures  and  their  tendency  to 

undergo  dangerous  vibrations  are  further  examples  of  fields  where 

a  considerable  effort  in  modeling  has  been  made.  For  instance, 

stresses  and  deflections  were  measured  in  a  1:240  model  of  the 

Hoover  Dam.  In  this  experiment  mercury  was  used  to  simulate  the 

liquid  loading. 

% 

A  most  remarkable,  though  unfortunate,  landmark  in  the 
history  of  model  testing  concerns  the  Tacoma  Narrows  Bridge,  the 
third  longest  suspension  bridge  at  that  time.  Extensive  dynamic 
model  tests  were  made  to  ascertain  the  absence  of  dangerous 
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wind-induced  vibrations.  Still,  from  the  day  of  its  opening  the 
peculiar  motions  of  the  span  attracted  attention  and  it  soon 
became  nickncuned  "Galloping  Gertie".  On  7  November  1940,  four 
months  after  its  opening,  the  great  and  beautiful  structure  met 
a  catastrophic  and  tragic  end.  A  wind  no  stronger  than  thirty- 
five  to  forty  miles  p)er  hour  excited  vibrations  of  amplitudes  up 
to  twenty-eight  feet  and  the  bridge  collapsed  in  gigantic 
convulsions.  The  model  tests  had  duplicated  all  of  the  known 
modes  of  vibration,  except  for  an  entirely  unanticipated  twisting 
motion  that  finally  destroyed  the  bridge.  Tragically,  a  century 
earlier  a  suspension  bridge  over  the  Ohio  River  near  Wheeling  was 
destroyed  by  the  saune  type  of  vibration  and  the  lesson  of  this 
disaster  had  been  missed  by  the  profession,  in  spite  of  a 
technically  accurate  and  revealing  newspaper  account. 

In  all  fields  where  models  are  used  a  particular  atmosphere 
has  been  developed  regarding  the  philosophy  of  scaling.  In  many 
Instances,  especially  in  areas  where  mathematically  trained 
workers  are  active,  model  tests  are  considered  with  critical 
caution.  (Today  this  includes  the  designers  of  suspension 
bridges.)  Great  effort  is  expended  to  convince  the  workers 
themselves  as  well  as  others  that  model  tests  are  appropriate 
and  that  their  results  can  be  trusted,  j 

In  other  fields,  including  underwater  explosion  research^ 
more  confidence  is  sometimes  placed  in  model  tests  than  they 
deserve.  The  reason  for  the  high  regard  for  underwater  explosion 
model  tests  is  not  difficult  to  see.  There  is  hardly  any  field 
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in  1:116  jAiysical  scionces  which  lends  itself  so  well  to  model 
testing  as  that  of  explosion  shock  waves.  There  is  little  doubt 
that,  excluding  a  few  special  cases,  explosion  shock  waves  can 
be  reproduced  by  model  tests  with  a  high  degree  of  accuracy. 

Also,  it  was  understood  at  an  early  date  that  the  phenomenon  of 
the  migrating  explosion  bubble  does  not  lend  itself  to  model 
tests  in  open  water  when  the  effect  of  gravity  is  important. 

Here  the  method  of  model  explosions  under  reduced  air  pressure 
has  provided  a  possibility  of  studying  this  phenomenon  and,  again, 
this  method  has  met  with  success,  although  here  the  scaling  is 
definitely  less  than  exact. 

These  experiences  may  have  obscured  the  fact  that  the 
modeling  of  shock  wave  and  migrating  bubble  are  exceptionally 
fortunate  cases.  It  is  all  too  often  overlooked  that  there  are 
instances  where  model  tests  cannot  adequately  reproduce  the 
phencxnena  of  interest  and  that  many  such  cases  also  occur  in  the 
field  of  underwater  explosions.  It  is  the  particular  objective 
of  this  study  to  discuss  not  only  the  advantages  of  model  tests, 
but  also  their  drawback:  it  is  not  always  possible  to  satisfy 
the  requirements  of  scaling;  in  such  cases  model  tests  may  be 
misleading. 

1.3  Summary.  Model  tests  are  an  important  tool  in  engineering 
and  science.  Not  all  phenomena  can  be  equally  well  studied  by 
model  tests.  Shock  and  blast  waves  fr<xn  explosions  can  be 
reproduced  with  an  exceptional  degree  of  accxiracy.  But  there 
are  phenomena  in  the  field  of  underwater  explosions  which  cannot 
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be  scaled.  Model  tests  of  such  processes  will  be  of  dubious 
value. 

II.  SEMANTICS 

It  is  a  well  known  fact  that  many  scientific  terms  used  in 
physics,  chemistry,  and  other  fields  of  science  have  a  different 
connotation  in  the  professional  and  in  the  everyday  language. 
These  include  the  words  "model**,  "scaling",  and  "similarity". 

2.1  Model.  The  word  "model**  can  have  several  meanings:  (a)  A 
beautiful  girl,  (b)  An  exceptional  or  perfect  person,  such  as  a 
model  husband.  (c)  An  abstract  concept  of  a  physical  process, 
such  as  the  model  of  incompressible  flow.  A  mathematical  model, 
(d)  A  small  copy  (replica)  of  an  original  entity  or  prototype, 
such  as  the  model  of  a  ship,  etc.  Only  the  meaning  (d)  is  of 
interest  to  us. 

In  the  field  of  model  testing  we  have  to  distinguish  three 
classes  of  models: 

(A)  Similar  models.  Such  models  are  exact  small  scale 
reproductions  of  t?ae  full  scale  prototype.  The  meaning  of  "exact" 
will  be  elaborated  below. 

(B)  Distorted  models.  An  example  is  the  model  of  a  river 
which  reproduces  the  propagation  of  floods,  tides,  and  similar 
phenomena.  The  height  of  the  water  above  the  bottom  is  usually 
not  reproduced  in  the  same  scale  as  the  horizontal  dimensions, 
or  else  the-  stream  would  be  so  shallow  that  adhesion  and  surface 
tension  would  be  the  controlling  factors.  Such  methods  do 

not  fit  our  definition  of  scaling,  because  additional 
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information  such  as  theoretical  calculations  or  empirical  data 
or  formulae  are  needed  for  the  evaluation  of  such  tests. 

(C)  Dissimilar  models.  This  is  a  synonym  of  "analogue", 
for  instance,  an  electrical  circuit  which  simulates  oscillations 
of  a  mechanical  system.  In  this  study,  we  will  not  deal  with 
this  type  of  model. 

2.2  Scaling  and  Similitude.  The  meaning  of  the  verb  "to  scale" 
is  (among  others)  to  reduce  in  size  according  to  a  fixed 
ratio.  For  instance,  one  says  that  prices  were  scaled  down  5%. 
The  term  "scaled  experiment"  is  occasionally  used  as  a  synonym 
for  small  scale  experiments.  The  latter  usage  is  clearly 
objectionable,  because,  in  reference  to  scientific  experiments, 
the  term  scaling  means  more  than  to  reduce  the  size.  If  we 
speak  of  scaling  laws,  or  if  we  say  an  attempt  is  made  to  scale 

a  phenomenon  by  means  of  a  model  test,  we  definitely  mean  more 
than  just  a  reduction  of  size.  We  always  imply  that,  despite 
the  reduction  of  size,  results  applicable  to  the  full  scale  will 
be  obtained.  Hence,  it  is  implied  that  the  model  tests  will 
reproduce  the  full  scale  phenomena  we  want  to  study.  In  other 
words,  we  imply  that  there  is  a  similarity  between  the  full  scale 
;  tests  and  the  model  tests. 

i 

In  our  case  we  cannot  be  satisfied  with  a  weak,  qualitative 
similarity.  Model  tests  are  needed  to  provide  quantitative 
answers  -  numbers.  Such  quantitative  answers  can  be'  obtained 
i  only  if  a  specific,  rigorous  type  of  similarity  which  we  shall 

i 

I  call  similitude  is  established. 
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Scaling  refers  to  the  method  by  which  the  parameters  of  a 
model  test  are  so  designed  that  the  phenomena  observed  in  the 
small  scale  test  are  valid  representations  of  those  occurring 
in  the  full  scale,  i.e.,  that  there  is  similitude.  The  most 
important  parameters  of  a  model  test  are  the  "scales"  or  scale 
factors  of  the  various  magnitudes  studied,  e.g.,  length  scale, 
time  scale,  pressure  scale,  etc.  Here,  scale  means  the  ratio 
of  corresponding  magnitudes  of  the  model  and  prototype. 

If  the  scaling  analysis  shows  that  similitude  cannot  be 
achieved  in  a  model  test,  it  is  said  that  this  phenomenon 
"cannot  be  scaled".  Thus,  strictly  speaking  the  term  "scaled 
tests"  should  imply  that  the  question  of  similitude  has  been 
investigated  and  a  positive  result  found.  This  is  often  at 
variance  with  common  usage. 

2.3  No  Difference  in  the  Meanincr  of  Scaling  and  Modeling.  A 
suggestion  has  been  made  to  give  the  term  "scaling"  a  slightly 
different  connotation  from  that  of  "modeling":  Both  terms  imply 
similitude,  but  "scaling"  was  proposed  to  refer  to  exact 
similitude  of  all  factors  of  importance.  In  contrast,  "modeling" 
was  thought  to  be  applicable  to  a  degree  of  similitude  less  than 
exact,  a  compromise  which  is  just  adequate  for  the  problem 
involved. 

The  merits  of  this  proposal  are  not  only  apparent,  but 
clearly  convincing,  if  one  realizes  that  exact  similitude  can 
be  almost  never  obtained  and,  thus,  the  degree  of  approximation 
is  an  important  subject  to  be  considered.  Also,  a  semantic 
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distinction  between  the  rarely  accomplished  ideal  and  the  less 
exact  facts  of  life  would  be  desirable.  The  proponents  of  this 
proposal  also  have  pointed  cut  that  in  common  language  the  term 
"model"  does  not  imply  strict  similitude.  Consider  for  instance 
the  term  model  railroad  or  submarine.  In  neither  case  is  it 
implied  that  the  similarity  is  exact. 

Unfortunate ly«  there  is  a  serious  objection  to  this  proposal. 
In  the  scientific  literature  "model"  and  "modeling"  usually  refer 
to  the  case  of  exact  similitude.  This  holds  not  only  for  the 
English  but  for  the  French  and  German  literature  as  well.  The 
word  scaling  appeared  at  a  later  time  than  modeling,  but 
according  to  the  present  usage  it  must  be  considered  as  a  synonym 
of  modeling.  Clearly,  it  is  undesirable  to  deviate  from  such  an 
established  use.  Any  change  of  generally-accepted  standards 
usually  causes  more  confusion  than  it  helps.  It  is,  therefore, 
suggested  that  we  apply  the  term  "approximate  scaling"  if  it  is 

i 

desired  to  emphasize  a  certain  lack  of  similitude. 

2.4  Summary.  In  scientific  usage  the  term  "scaling"  has  a 
different  meaning  than  in  everyday  language.  In  scientific 
usage  and  in  connection  with  model  tests,  scaling  means  not  only 
'  a  reduction  or  change  in  size,  but  -  most  important  -  it  implies 
;  similitude.  If  it  turns  out  that  similitude  of  a  process  cannot 

be  achieved,  it  is  said:  "this  process  cannot  b©  scaled". 

j 

III.  SCALING  ANALYSIS  I 

i  3.1  Why  Similitude?  It  is  often  difficult  to  satisfy  the 
exact  requirements  for  similitude.  Therefore,  the  following 
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questions  may  be  raised.  Why  are  we  so  anxious  about  similitude? 
Are  there  not  other  ways  to  make  use  of  small  scale  tests  which 
do  not  satisfy  the  requirements  of  similitude? 

Let  us  first  realize  that  there  is  a  basic  difference  between 
a  common  scientific  experiment  and  a  model  test.  Physical 
experiments  are  made  to  explore  unknown  phenomena  or  to  determine 
quantitatively  the  physical  constants  or  other  magnitudes  of  the 
process  of  interest.  Model  tests  are  knowingly  designed  for 
conditions  which  are  different  from  those  for  which  answers  are 
desired.  It  is  expected  that  despite  this  difference,  namely 
the  difference  in  scale,  pertinent  and  valid  results  will  be 
obtained.  If  such  model  tests  are  set  up  so  that  they  satisfy 
the  criteria  of  similitude,  two  advantages  have  been  achieved: 

(a)  Confidence.  If  there  is  appropriate  similitude,  model 
teats  are  truly  equivalent  to  the  full  scale  experiment.  Model 
testing  of  this  kind  belongs  to  the  exact  methods  of  the  physical 
sciences. 

(b)  Simplicity.  All  that  is  needed  to  obtain  the  full  scale 
information  from  a  model  test  is  to  account  for  che  pertinent 
scale  factors.  Then,  a  simple  change  of  scale  of  the  results 
obtained  by  the  model  produces  full-scale  data.  No  theory  or 
other  complex  method  is  required  for  the  reduction  of  data  as  is 
often  necessary  in  physical  experiments. 

Although  the  goal  of  similitude  cannot  always  be  realized, 
it  is  highly  worthwhile,  in  fact  necessary,  for  everyone  who 
plans  model  experiments  to  reflect  on  the  scaling  requirements 
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and  to  try  to  satisfy  them  as  far  as  possible.  This  need 
becomes  even  more  apparent  if  we  realize  that  similitude  is  the 
only  means  by  which  quantitative  full-scale  information  can  be 
directly  obtained  from  a  small  scale  test.  Here  the  emphasis 
lies  on  "direct"  which  means  without  use  of  additional  infoxma- 
tion,  such  as  that  from  other  full  scale  test  results  or  from 
mathematical  theory. 

3.2  Requ^irements  for  Similitude.  Now  that  we  have  established 
that  similitude  is  a  must  for  a  meaningful  model  test,  we  will 
proceed  to  the  methods  and  the  criteria  which  will  assure 
similitude. 

Explosions,  like  many  other  physical  phenomena,  are  complex 
processes.  This  means  that  there  are  many  different  effects 
which  influence  the  sequence  of  events.  Ideally  there  must  be 
similitude  for  all  of  these  effects.  Hence,  there  is  not  one, 
but  a  great  number  of  similitude  requirements  which  must  be 
satisfied. 

In  any  non-static  model  test,  at  least  three  basic  require¬ 
ments  for  similitude  must  be  satisfied.  These  requirements  are 
necessary  but  not  always  sufficient  to  assure  similitude  for 
the  F*'enomena  to  be  studied.  It  will  be  seen  that  additional 
requirements  are  necessary  to  account  for  effects  which  have  a 
bearing  on  explosion  phenomena.  These  will  be  discussed  in 
Section  V  "Scaling  Analysis  II".  The  three  basic  requirements 
which  will  be  discussed  here,  are  the  requirements  for  geometric, 
kinematic,  and  dynamic  similitude. 
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3.3  Geometric  Similitude  and  the  Concept  of  the  Scale  Factor. 
There  are  several  ways  to  express  the  requirement  of  similitude 
in  a  quantitative  way.  Because  of  its  simplicity  we  will  use 
the  concept  of  the  scale  factor  for  this  purpose. 

If  we  multiply  all  dimensions  of  a  given  configuration  by 
the  same  factor,  we  obtain  a  smaller  or  larger  configuration 
which  is  geometrically  similar.  We  call  the  factor  used  the 
length  scale  factor  X.  Everybody  is  familiar  with  the  meaning 
of  this  magnitude.  If  we  talk  about  a  model  test  at  a  scale  1:10, 
the  length  scale  factor  is  X  *  0.1.  Of  course,  X  must  have  the 
same  value  in  all  three  dimensions  of  the  coordinate  system,  or 
else  we  would  obtain  a  distorted  model.  Also,  X  must  be  constant 
with  time,  see  equation  (3.3)  below. 

To  repeat:  If  we  meticulously  apply  the  rule  that 
every  detail  of  the  full  scale  prototyp>e  must  be 
present  in  the  model  and  that  all  dimensions  of 
these  items  are  changed  by  multiplying  them  by  the 
length  scale  factor  X,  then  we  are  assured  of 
exact  geometric  similitude. 

For  geometrically  similar  configurations,  the  areas  are  reduced 
2  3 

by  X  ,  the  volumes  by  X  ,  if  the  linear  dimensions  are  reduced 
by  X. 

Exact  geometric  similitude  is  often  either  deliberately 

disregarded  or  it  turns  out  to  be  more  difficult  to  attain,  than 

it  may  appear  at  the  first  glance.  Quite  obviously,  there  is  no 

need  to  reproduce  details  in  a  model  test  which  apparently  would 

not  influence  the  phenomena  to  be  stxidied:  Clearly,  the  reduction 
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in  size  does  not  refer  to  the  molecules  of  the  model  test.  The 
following  examples  illustrate  the  extent  to  which  geometric 
similitude  may  be  desirable  or  obtainable. 

Example  1.  If  we  want  to  study  underwater  explosion  damage 
to  submarines,  we  may  consider  building  a  model  of  the  target 
and  conducting  the  necessary  testa  on  a  small  scale.  When  build¬ 
ing  such  a  model  other  rules  for  similitude,  besides  geometric 
similitude,  must  be  observed;  these  will  be  discussed  later. 

For  such  models,  it  may  be  advisable  to  reproduce  the  stiffeners 
of  the  hull  as  well  as  the  wing  tanks.  However,  an  exactly 
detailed  reproduction  of  the  geometry  of  the  stiffeners  may  not 
be  necessary  if  a  form  is  chosen  which  gives  essentially 
equivalent  moments  of  inertia.  Also,  if  one  is  convinced  that 
the  conning  tower  does  not  influence  the  damage  pattern  we  may 
as  well  omit  this  item  in  the  model  and  may  find  approximate 
geometric  similitude  satisfactory  in  this  respect. 

Example  2.  In  a  free  water  explosion,  geometric  similitude 
of  the  explosive  charge  is  an  obvious  necessity  for  similitude. 
However,  it  turns  out  that  it  is  difficult  to  make  exactly 
similar  charges.  The  firing  cap,  as  well  as  the  booster,  has  a 
certain  size  which  cannot  be  reduced  indefinitely.  In  most 
practical  cases,  the  detonator  will  be  the  same  in  the  full-scale 
charge  and  in  the  model.  Obviously,  this  is  a  violation  of  the 
requirement  of  strict  geometric  similitude.  Fortunately,  in  most 
cases,  this  violation  is  not  serious.  Another  characteristic 
length  of  an  explosive  charge  can  spoil  the  requirements  of 
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niml  liturla ,  nnmo.ly,  hho  1.«?ngt,h  of  th©  ronction  zono.  If  the?  nnmo 
explosive  is  used  in  the  full-scale  and  in  the  model  test,  this 
length  is  not  reduced  by  the  scale  factor  X,  as  it  should  be. 

The  only  alternative  for  strict  similitude  would  be  to  use  a 
different  explosive  in  the  model  test  which  again,  in  principle, 
is  a  violation  of  the  similitude  requirements  as  will  be  seen 
below. 

Example  3.  Any  effort  to  study  nuclear  explosions  by  means 
of  conventional  charges  is,  strictly  speaking,  a  violation  of 
geometric  similitude.  Still,  many  effects  of  nuclear  explosions, 
for  example,  the  effect  of  the  shock  wave  not  too  close  to  the 
center  of  the  explosion,  can  be  realistically  studied  by  means 
of  HE  model  tests.  This  item  will  be  discussed  in  one  of  the 
subsequent  paragraphs. 

Example  4,  The  deliberate  deviation  from  similitude  which 
leads  to  so-called  "distorted"  models  has  been  mentioned  before. 
Proposals  of  practical  value  using  distorted  models  for  underwater 
explosion  research  have  not  been  made  to  date. 

Example  5.  Strictly  speaking,  it  is  a  violation  of  exact 
similitude  to, ignore  the  scaling  of  the  size  of  the  molecules. 
Although  not  exact,  such  scaling  is  an  excellent  approximation  in 
the  same  sense  as  is  the  mechanics  of  continua.  Obviously,  exact 
similitude  cannot  be  realized,  and  it  becomes  clear  that,  for 
practical  applications,  the  similitude  requirements  refer  only  to 
the  essential  aspects  of  the  problem, 

3.4  Kinematic  Similitude.  Kinematic  similitude  refers  to  the 

It  is  an  extension  to  velocity  and 
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acceleration  of  the  principles  explained  above  for  geometric 
similitude.  For  kinematic  similitude  all  velocities  occurring 
in  the  model  tests  must  be  reduced  by  the  velocity  scale  cp.  The 
same  holds  for  the  accelerations,  where  the  scale  factor  a  for 
accelerations  must  be  employed.  Of  course,  this  applies  to 
velocities  or  accelerations  which  occur  at  corresponding  locations 
and  at  corresponding  instants  of  time.  These  are  sometimes  called 

homologous  locations  and  times.  The  Scune  comments  as  for  the 

\ 

case  of  geometric  similitude  apply.  For  example,  the  reduction 
of  velocity  should,  of  course,  not  be  extended  to  the  Brownian 
motion  of  the  molecules. 


The  velocity  scale  cp  and  the  acceleration  scale  a  can  be 
expressed  in  terms  of  the  length  scale  \  and  the  time  scale  t: 

(3.1)  qj  «=  x/t 

(3.2)  (y  =  x/t^  . 

These  expressions  must  not  be  interpreted  to  mean  that  velocity 
is  ec[ual  to  distance  divided  by  time  or  that  the  velocity  is 
constant  with  time.  (3.1)  and  (3.2)  are  consequences  of  the 
constancy  of  the  scale  factors  and  amount  to  nothing  more  than 
the  following  simple  transformations: 


(3.3) 


'm  dt_ 


1.  ^ 

T  dt 


In  (3,3)  the  subscript  m  designates  magnitudes  which  refer  to  the 
model,  whereas  magnitudes  referring  to  the  full  scale  are  without 
subscript.  (The  transformation  for  the  acceleration  scale  factor 
ct  is  quite  analogous.) 

The  velocity  at  homologous  locations  and  instants  of  time 

is  expressed  by  the  following  equation: 
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(3.4)  z)  -  cp-u  (t,  X,  y,  z) 
m  n  in  in  in 

This  equation  makes  the  following  statements 

The  velocity  in  the  model  test  which  occurs  at  the 

time  tjj^  and  at  the  point  having  the  coordinates  x^, 

y  ,  z  ,  is  (D  times  the  velocity  in  the  full  scale 
mm 

at  the  time  t  and  at  the  location  x,  y.  z. 

The  coordinates  of  homologous  points  and  times  are  related  by 

t_  -  T  t 

(3.5)  3^  =«  \  X 

y.  -  ^  y 

z„  *  X  z  . 
n 

Equation  (3.4)  is  a  mathematical  description  of  kinematic 
similitude  applied  to  velocity. 

3.5  Dynamic  Similitude.  The  requirement  for  dynamic  similitude 
can  be  derived  from  Hewton's  Law.  This  requirement  will  make 
sura  that  interactions  between  driving  forces  and  inertial  forces 
are  similar.  For  our  purpose  the  use  of  pressure  instead  of 
force  is  more  convenient.  We  obtain  from  the  definition 
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(3.6) 


Pressure 


Force 

Area 


Mass 
Area  * 


Acceleration 


the  following  expression  for  the  scale  factor  of  pressure 

0  -  2 

(3.7)  TT  ae  >  ■  O'  m  p  .jp  , 

The  symbol  p  denotes  the  density  scale  factor*  i.e.*  the  ratio 
of  the  density  occurring  in  t^.e  model  and  in  the  full  scale  test: 

(3.8)  P  =  ^ 

The  scale  factors  are  svunmarized  in  Table  3.1. 

3,6  Energy  Scale  Factor.  The  derivation  of  the  energy  factor 
proceeds  in  an  entirely  analogous  way  to  that  for  the  pressure. 

Two  expressions  for  the  energy  scale  factor  are  listed  in 
Table  3,1.  The  first  one  obviously  stems  from  E  =  P»V,  The 
second  expression  is  obtained  from  the  kinetic  energy  E  =  mass«u  /2. 
One  of  these  expressions  can  be  transformed  into  the  other  with 
the  use  of  the  pressure  scale  factor  tt.  it  may  be  important  to 
note  that  the  energy  scale  factor  e  refers  to  the  total  energy 
of  a  system.  The  scale  factor  for  the  energy  per  unit  mass  or 
per  unit  volume  can  be  readily  obtained  by  dividing  e  by  px^  or  by 
respectively. 
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TABLE  3.1 


BASIC  SIMILITUDE  REQUIREMENTS 

Geometric  Similitude 

Length  Scale  Factor 

\ 

Kinematic  Similitude 

Time  scale  factor 

T 

Velocity  Scale  Factor 

tp 

= 

X/t 

Acceleration  Scale  Factor 

a 

X/t2 

Dynamic  Similitude 

Density  Scale  Factor 

P 

Pressure  Scale  Factor 

TT 

= 

-  2 

P  cp 

Energy  Scale  Factor 

e 

= 

S 

p 

3.7  Examples  of  Geometric^  Kinematic,  and  Dynamic  Similitude 
for  Underwater  Explosions. 

(a)  We  consider  first  an  explosion  of  a  spherical  HE  charge 
in  an  infinitely  large  body  of  water.  There  is  just  one  length 
to  which  the  criterion  of  gecmaetric  similitude  between  a  model 
test  and  the  full  scale  can  be  applied,  namely  the  dimension  of 
the  charge.  The  radius  of  a  spherical  explosive  charge  is 

1/3 

“  C  vh- )  ' 

where 
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W  >  th«  weight  o£  the  explosive  charge 
p  >  loading  density  of  the  charge. 

For  TNT  with  p  *1,554  grausv^cc.  the  charge  radius  is  A  * 

o  o 

0.135  if  W  is  given  in  pounds. 

If  the  charges  in  the  model  and  full  scale  tests  are  both 
spheres,  similitude  of  the  charge  configuration  is  assured 
subject  to  the  details  mentioned  in  Example  2  of  Article  3.3. 
The  length  scale  factor  is 


(3.10) 


w 

m 

;ji73- 


/  5  . 


The  occurrence  of  the  density  scale  factor  p  is  important  to  note. 
Although  p  enters  into  (3.10)  as  the  ratio  of  the  charge 
densities,  the  density  scale  factor  must  be  applied  to  all 
densities  of  the  system.  Hence,  the  density  scale  factor  must 
be  unity  if  the  model  test  is  conducted  in  the  same  medium  as  the 
full  scale  test.  However,  if  the  model  test  is  made  in  fresh 
water  whereas  the  results  are  desired  for  sea  water,  p  is  not 
exactly  unity  and  explosives  of  corresponding  loading  densities 
must  be  used.  (The  difference  is  commonly  negligible  for 
practical  purposes.  This  exaunple  is  chosen  to  ^ow  the 
principles  of  similitude  rather  than  for  practical  application.) 

Assume  it  is  desired  to  measure  the  pressure-time  curve  of 
the  explosion  at  a  point  which  is  at  a  distance  R  from  the  center 
of  the  charge  (Figure  3.1).  This  setup  must  be  geometrically 


18 


NOLTR  63-257 


CHARGE  WEIGHT 

=  AW 
m 


Rm  = 


Figure  3.1 

Geometric  Similitude  of  Explosions  in  Free  Waler 

Tlie  observed  pressure  history  at  point  P  is  p(t) ,  that  at 

P  is  p  (t  )  .  If  there  is  kinematic  r^nd  dynamic  similitude,  p(t) 
xn  iTt  in ,  .  _  _  y 

coincides  with  -P  /n  when  plotted  versus  t  /x.. 

m  m 
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similar  for  the  full  scale  and  the  model#  hence 

(3.11)  R 

This  equation  Is  the  fundamental  expression  of  "cube  root  scaling" 

which#  so  far#  reflects  geometric  similitude  only.  If  kinematic 

and  dynamic  similitude  prevail#  the  pressure-time  history 

observed  at  the  point  P  in  the  model  test  and  at  the  homologous 

m 

point  P  in  the  full  scale  will  be  similar.  This  is  illustrated 
in  Figure  3.1*  If  the  pressure  p^  obtained  in  the  small  scale 
is  divided  by  the  pressure  scale  factor  n  and  the  time  t^^  by  the 
time  scale  factor  t#  identical  pressure-time  plots  result  for 
both  the  model  and  the  full  scale.  Note  that  this  as  well  as 
the  following  exeunple  is  given  for  illustration  of  the  three 
basic  similitudes#  geometric#  kinematic,  and  dynzunic.  We  have 
not  progressed  so  far  as  to  determine  what  n  and  t  should  be. 

This  will  be  done  in  Section  V#  "Scaling  Analysis  II". 

(b)  If  an  explosion  in  water  of  finite  depth  is  considered, 
the  configuration  of  charge  radius  with  respect  to  the  water 
surface  and  the  bottom  of  the  sea  must  be  geometrically  similar. 
Figure  3.2  illustrates  such  a  case  and  shows  again  the 
occurrence  of  relation  (3.11a).  If  all  three  similarity 
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-  FULL  SCALE  - 


_  -  X 


MODEL 

W  =  X^W 
m 

Rm  = 

Dr.  = 

=  XH 

m 


FULL  SCALE 

/  BOTTOM  REFLECTION 

y  ^  SURFACE  REFLECTION 


MODEL 


1  CAVITATION  PULSE 


Figure  3.2 


Similitude  of  Explosions  in  V7ater  of  Finite  Depth 


The  bottom  material,  if  homogeneous,  must  be  the  same  in 
the  model  and  the  full  scale.  Boulders,  gravel,  etc.,  should  be 
of  the  same  material  and  geometrically  scaled. 
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requirements  are  satisfied,  the  pressure-time  records  obtained 
will  be  similar  to  those  described  above.  The  figure  shows 
qualitatively  a  possible  deviation  from  similarity  in  the  phase 
following  the  arrival  of  the  surface  reflection.  Here  cavitation 
occurs;  this  cannot  be  scaled  under  some  conditions.  The  failure 
of  scaling  is  indicated  in  Figure  3.2  by  differences  in  the 
pressure  plot. 

So  far  we  have  considered  geometric  similitude  assuming  a 
spherical  charge.  Two  comments  are  in  order  at  this  point: 

First,  the  properties  of  the  explosive  have  not  been 
considered.  The  relations  derived  ma^  seem  to  hold  regardless 
of  the  explosive  material  used  and,  for  that  matter,  for  inert 
charges.  This  seeming  discrepancy  is  resolved  by  consideration 
of  the  energy  scale  factor. 

If  q  denotes  the  chemical  energy  per  unit  weight  of  the 
explosive  material,  the  energy  of  the  model  charge  can  be 

°m  -  "n,  =  =  '-S” 

the  energy  scale  factor  e  as  in  Table  3,1  yields 

^3  ^ti  1  "m 

^  "  5“  n5r 


written 

(3.12) 

Replacement  of 
for  X: 

(3.13) 


22 


NOLTR  63-257 


Comparison  with  (3.10)  shows  agreement,  if  the  energy  per  unit 
weight  q  is  the  same  for  model  and  full  scale  and  if  n  =  1-  As 
will  be  seen,  these  requirements  must  indeed  be  satisfied  for  the 
scaling  of  shock  waves. 

The  second  comment  refers  to  the  fact  that  most  underwater 
weapons  do  not  carry  explosive  charges  of  exactly  spherical 
shape.  So  long  as  the  charge  is  not  too  elongated,  the  shock 
wave  pattern  does  not  differ  very  much  from  that  of  exactly 
spherical  charges  at  most  distances  of  practical  interest. 

This  is  because  the  deviations  from  the  spherical  shock  wave 
disappear  as  the  wave  propagates  outward  and  the  originally 
unsymmetrical  shock  wave  quickly  assumes  the  character  of  a 
spherical  wave.  This  is  an  additional  example  where  exact 
geometric  similitude  is  not  and  does  not  need  to  be  observed  in 
model  tests.  The  scaling  is  carried  out  in  such  cases  as  if 
the  charges  were  spherical,  i.e.,  relations  (3.11)  and  (3.11a) 
are  used.  If  the  distribution  of  the  shock  wave  from  an 
aspherical  charge  is  the  subject  of  the  study,  the  model  charge 
must,  of  course,  be  made  geometrically  similar. 

3.8  The  Length  Scale  Factor  for  Nuclear  Explosions.  For  common 
explosives  (HE)  the  charge  radius  and  the  assumption  of 
spherical  shape  is  a  convenient  way  to  derive  the  scaling  rules 
for  geometric  similitude.  This  approach  has  been  justified  in 
the  preceding  discussion  of  energy  scaling.  The  fact  that  the 
HE  charge  volume  is  proportional  to  the  total  energy  released 
made  these  two  approaches  equivalent  (if  p  *  1  and  n  =  1)  .  As 
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±8  well  known  such  a  direct  relationship  between  charge  volume 
and  yield  does  not  hold  for  nuclear  warheads.  Hence,  only  energy 
scaling  is  appropriate  for  nuclear  explosions.  The  energy  scale 
factor  e.  Table  3.1,  yields  the  length  scale  factor: 

(3.14)  _  i  ^  _ 

where  Y  denotes  the  energy  released,  i.e.  the  yield  of  the 
explosion,  see  below  3.9.  Strictly  speaking,  the  omission  of 
geometric  similitude  is  a  violation  of  the  exact  scaling 
requirements.  However,  as  in  the  case  of  the  non-spherical 
HE  charges,  only  small  differences  are  to  be  expected  in  the 
scaled  underwater  shock  wave,  if  (3.14)  is  applied  to  nuclear 
devices  of  different  design  and  if  close-in  ranges  are  excluded. 

Although  nuclear  warheads  do  not  have  a  characteristic 
dimension,  as  HE  charges  have,  the  use  of  a  fictitious  charge 
radius,  namely  that  of  an  equivalent  HE  charge,  is  convenient, 
since  it  permits  a  quantitative  understanding  of  the  firing 
conditiors.  For  instance,  for  CROSSROADS  BAKER,  the  equivalent 
charge  radius  is  about  45  ft.  The  water  depth  was  180  ft  and 
the  firing  depth  90  ft.  For  an  equivalent  TNT  charge,  there 
would  be  45  ft  of  water  between  the  top  of  the  charge  and  the 
water  surface,  and  an  equal  distance  between  the  sea  bed  and  the 
bottom  of  the  charge.  For  a  50 -lb  charge,  this  would  correspond 
to  an  explosion  in  water  of  1.0  ft  depth,  with  only  0.5  ft  of 
water  between  the  top  of  the  charge  and  the  water  surface.  Thus, 
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Test  BAKER  was  indeed  a  shallow  water  explosion.  The  concept  as 
well  as  the  magnitude  of  the  equivalent  charge  radius  are  not 
only  useful  for  intuitive  comparisons,  but  also  quantitatively 
appropriate  for  the  purpose  of  scaling,  which  can  then  be 
carried  out  in  the  same  as  for  HE. 

Our  considerations  so  far  concerned  scaling  between  nuclear 
explosions  of  different  yields.  A  field  of  considerable 
importance  is  the  simulation  of  nuclear  explosions  by  HE  model 
tests.  The  dissimilarities  between  chemical  and  nuclear 
explosions  are  well  known:  e.g.,  about  twenty  million  times  as 
much  energy  is  produced  per  unit  mass  of  the  reactants  in  a 
nuclear  fission  as  is  produced  in  the  decomposition  of  TNT. 

Nuclear  explosions  produce  temperatures  about  a  thousand  times 
higher  than  those  occurring  in  common  explosions.  The  dimension 
of  a  nuclear  warhead  is  less  than  one  tenth  of  that  of  an  HE 
charge.  Thus,  almost  the  entire  volume  of  the  fictitious 
equivalent  HE-sphere  actually  consists  of  water.  Clearly, 
different  phenomena  will  occur  within  this  space  for  nuclear 
and  TNT  explosions  and  nobody  would  expect  similitude  here. 

(For  this  reason,  HE  model  tests  of  nuclear  explosions  might  be 
called  analogues.)  Again,  as  in  the  case  of  the  non-spherical 
HE  charge,  similar  conditions  might  be  expected  at  larger  distances 
from  the  point  of  explosion  (say  5  A^)  and  only  for  such 
conditions  are  HE  model  tests  of  nuclear  explosions  meaningful. 
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3.9  Conversion  Factors  for  HE  and  Nuclear  Explosions.  Since 
there  is  no  strict  similitude  between  HE  and  nuclear  explosions, 
a  "prediction"  of  the  scaling  rules  on  the  basis  of  the  scaling 
analysis  alone  is  not  possible.  Additional  information  is  needed 
to  establish  these  rules.  Both  types  of  explosion  have  been 
studied  theoretically  as  well  as  experimentally,  and  it  is  possi¬ 
ble  to  compare  the  effects  they  produce  for  equal  energy  release. 
The  close-in  ranges  mentioned  above  must  be  excluded  to  make  such 
comparisons  meaningful. 

The  following  result  was  obtained:  A  nuclear  underwater 
explosion  produces  a  weaker  shock  wave  than  a  conventional 
explosion  of  the  same  energy.  It  also  produces  a  shorter  bubble 
period  and  a  smaller  bubble. 

An  analogous  effect  occurs  for  nuclear  explosions  in  air: 

At  large  distances,  where  such  comparisons  are  permissible,  a 
nuclear  explosion  produces  a  weaker  blast  wave  than  an  HE 
explosion  of  equal  yield. 

In  a  nuclear  blast  in  air  a  substantial  fraction  of  the 
explosion  energy  is  emitted  in  the  form  of  thermal  and  other 
radiation.  This  energy  does  not  contribute  to  the  hydrodynamic 
processes  at  large  distances.  Such  energy  radiation  is  absent 
in  conventional  explosions  and  this  is  one  of  the  reasons  why 
the  nuclear  blast  effects  appear  to  be  relatively  weaker. 

For  underwater  nuclear  explosions,  the  process  is  different, 
since  thermal  and  nuclear  radiation  cannot  penetrate  the  surround¬ 
ing  water  to  any  significant  extent.  However,  the  internal  energy 


26 


NOLTR  63-257 


of  the  nuclear  bubble  is  relatively  greater  than  that  of  an  HE 
bubble.  This  is  because  the  temperature  within  an  HE  bubble  is 
uniform  with  distance  (but  varying  with  time) *  whereas  the 
temperature  inside  a  nuclear  bubble  increases  toward  the  center 
and  reaches  exceedingly  high  values  in  the  core  adjacent  to  the 
center  (Snay  (I960)).  Thus,  because  of  the  higher  internal 
energy,  the  energy  available  for  hydrodynamic  processes  is 
correspondingly  smaller. 

Obviously,  if  a  lower  yield  is  introduced  into  the  energy 
scaling  rule,  equation  (3.14),  these  processes  can  be  accounted 
for  and  the  HE  charge  weights  which  simulate  nuclear  effects  can 
be  determined.  Such  a  lowered  energy  yield  is  sometimes  called 
the  hydrodynamic  yield.  In  the  field  of  underwater  explosions, 
this  term  is  rarely  used.  The  factor  which  gives  the  HE  charge 
weight  needed  to  simulate  a  specific  phenomenon  is  called  the 
conversion  factor  for  that  phenomenon.  In  addition,  the  conver¬ 
sion  factors  may  depend  on  distance. 

Tables  3.2  and  3.3  show  these  factors  for  HBX-1  and  TNT; 
bubble  phenomena  are  included  for  completeness.  It  is  seen  that 
each  explosive  has  a  different  conversion  factor  for  every 
phenomenon  listed.  Moreover,  the  conversion  factors  for  HBX-1 
depend  on  range;  those  for  TNT  do  not. 

HBX-1  has  been  widely  used  to  simulate  nuclear  explosion 
effects,  because  shock  wave  as  well  as  bubble  phenomena  are 
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r«produc«d  b«tt«r  by  on«  and  tha  saaw  HBX-l  charga  waight  than 
by  a  THT  charga.  HBX-l  is  a  nixtura  of  A0%  tm,  38%  BOX.  17% 
aluainuM.  and  5%  wax.  For  a  adixtura  containing  about  20%  alxini- 
nuai  in  tha  saaa  natrix  tha  diffarancas  in  tha  convarsion  factors 
wtpuld  ba  avan  saallar* 

Tha  convarsion  factors  listad  in  Tabla  3.2  and  3.3  hava 
baan  datarminad  frcai  aquations  givan  in  Sactions  VI  and  VIX.  Tha 
aquations  (6.12)  through  (6.15)  giva  tha  shoc)c  %«va  paraswtars 
for  THT.  HBX-l,  and  for  nuclaar  axplosions.  Tha  convarsion 
factors  arc  obtainad  by  aquating  tha  aagnituda  to  bo  sinmlatod 
(prassura,  iaipulsa,  ate.)  and  solving  for  W  in  tarms  of  Y.  Tha 
sasM  procadura  is  usad  for  tha  bubbla  parasiatars  amploylng 
aquations  (8.2a)  or  (8.2b). 

In  Tablas  3.2  and  3.3  tha  convarsion  factors  for  tha  shock 
wava  tina  constant  seam  to  ba  out  of  lino  whan  conparad  with 
the  other  values.  Tha  tisw  constant  is  difficult  to  maasuro 
and  uncertainties  in  tha  axperinantal  data  are  probably  tha 
reason  for  this  discrepancy. 

It  should  ba  noted  that  kt,  tha  unit  of  y*  is  a  maasuro  of 
12 

energy:  1  kt  «  10  calories,  whereas  W  refers  to  the  weight  in 
lbs.  of  tha  THT  or  HBX-l  charga.  Questions  as  to  whether  the 
unit  t  refers  to  a  short  or  a  long  ton  bacoma  irrelevant,  once 
this  definition  is  recalled.  (Historically,  this  term  referral 
originally  to  the  energy  of  an  equivalent  THT  charge.  However, 
the  explosion  energy  of  THT  is  not  well  known  and  is,  even  today, 
a  subject  of  controversy.  If  one  assumes  Q  >  1000  cal/gram  for 
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th«  h«at  of  axploaion  of  THT.  t  %fould  b«  a  matrie  ton  aqual  to 
2.205*10^  Iba.) 

Tha  tablaa  of  convarsion  factora  Indicata  that  approximata 
acaling  can  ba  aehlavad  in  a  caaa  whara  thara  la  no  atrict 
aimilituda.  Additional  information,  namely  complete  data  on  the 
performance  of  conventional  and  nuclear  axploaiona,  waa  needed 
to  do  thia.  Once  thia  method  haa  boen  eatabliahed.  nuclear 
axploaiona  can  be  ainulated  by  meana  of  RE  model  teat a  and 
effecta  auch  aa  bottom  reflection  or  refraction  of  the  shock 
wave  can  be  studied  on  a  small  scale. 

TABLE  3.2 


Range  of  Validity  (ft)  R  >  200»Y^^ 


Shock  Wave  Peak 

Presaure 

Shock  Wave  Time 
Constant 

Shock  Wave  Impulse 
Shock  Wave  Energy 
Btibble  PhenoBwna 


-  1.33*10  ‘Y 


-  1.54*10®*Y 

-  1.30-10®*Y 

-  1. 35*10* -Y 

-  1.65*10**Y 


Phenomenon  to  be 
Simulated 

TWT  Charge 
Equivalent  Weight 

Equivalent  Charge 

i 

i 

w  in  lb. 

Radius  (A^  in  ft.) 

A^  -  14.9*Y^/^ 


-  15.6*Y*''’ 

-  14.7*Y^''^ 
«  14.9*Y^/^ 

-  16.0*Y^'^^ 


tea  the  radiochemical  yield  in  kt 
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3.10  Analysis  t«  IncoBipl*f  So  Far.  It  has  baan  statad  abova 
that  do  not  aa  yat  hava  all  eri':aria  for  an  unaadalguoua  datar- 
alnatlon  of  tha  acaling  condltlona.  Thia  ia  avldant  froa  Tabla 
3.1.  Only  ona  aatarial  conatant  la  liatad,  i.a.,  tha  danalty. 
Bowavar*  thara  ara  aany  othara  %«hich  affaet  axploaion  procaaaaai 
a.g..  ofaqinraaaibllltyt  viacoalty.  aurfaca  tanalon,  and  vapor 
prasaura.  Alao«  gravity  mat  ba  eonaidarad.  Ranca,  additional 
siailituda  raquirananta  nuat  ba  aatiafiad. 

Zn  Tabla  3.1  tha  aeala  factors  ara  liatad  which  follow  fron 
tha  thraa  basic  ainilitada  raquiraiaants.  Tha  graatar  tha  nuabar 
of  aeala  factors  «»hich  can  bo  fraaly  ^osan,  tha  aora  additional 
aiailituda  raguiraaanta  can  ba  aatiafiad.  Onfortunataly*  only 
thraa  aeala  factors  ara  availabla  according  to  Tabla  3.1,  naaaly, 

,  and  baeauaa  all  tha  othar  aeala  factora  can  ba  axprassad 
in  tama  of  thasa  thraa. 

nia  langth  seals  factor  l  ia  dictated  by  practical  conaidara 
tions.  For  inatanca,  if  vm  dacida  to  sianilata  a  10  kt  nuclear 
axploaion  by  Mans  of  a  1,000  lb  charge,  tha  langth  scale  factor 
xs  essentially  fixed. 

If  tha  modal  tost  is  mada  in  water,  the  density  scale  factor 
is  unity,  and  tha  number  of  unspecified  scale  factors  is  reduced 
to  one  >  T.  This  means  that  only  one  additional  similitude 
requiremnt  can  bo  satisfied. 

Before  we  derive  further  scaling  raquiramants,  wa  shall 
relate  the  concept  of  similitude  to  that  of  tha  dimensional 
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analysia.  Any  traataant  of  tha  aubjaet  of  acallng  la  ineoaplata 
without  dlacnaaion  of  thia  aubjaet r  howavar«  intaraatingly  anotagh* 
diaanaional  analyala  la  not  nacaaaaxy  to  dariva  tha  acallng 
erltaria  aa  will  ha  dlacuaaad  In  Artlela  4.7,  "conalatant  Sladllttnla 
and  Inapactlonal  Analyala”. 

Suwauirv.  Sladlltuda  la  a  naeaaalty  for  nodal  taata  tdilch 
ara  auppoaad  to  ylald  quantltatlva  raaulta  diractly.  Hara 
"dlractly*  naana  "without  additional  Infomatlon  otharwiaa 
^>talnad* . 

Xn  avary  non>atatlo  nodal  taat  at  laaat  thraa  typaa  of 
alnilltuda  nuat  ba  aatiafladt  gacnatrle,  kinamatle,  and  dynanic 
ainilltuda.  Slnllltuda  la  aaaurad  if  all  coordinataa  (apaca, 
tina,  valoelty,  aecalaratlon,  praaaura,  anargy,  ate.  eoordlnataa) 
ara  nultlpllad  by  tha  partlnant  aeala  factor. 

For  high  axploaivaa  (BE) ,  gaonatric  ainilltuda  of  tha 

axploalva  charga  arranganant  with  raapact  to  tha  point  of 

obaarvatlon  laada  to  tha  cuba  root  acallng  law,  nanaly  that  all 

linaar  dlnanalona  of  tha  nodal  nuat  ba  proportional  to  tha  cuba 

root  of  tha  charga  walght  ratio.  Oaoantrie  ainilltuda  must  ba 

also  aaaurad  for  tha  location  of  tha  watar  stirfaca  and  tha  bottom 

of  tha  saa.  Scaling  of  tha  axplosion  anargy  yialda  tha 

analogous  rasult  that  tha  langth  scala  factor  x  is  proportional 

to  ^a  Cuba  root  of  tha  charga  walght.  In  thasa  cons idarat ions, 

tha  tina,  valocity,  acealaration,  danaity,  and  prassura  scala 

factors  arc  laft  opan.  Sinca  thasa  aeala  factors  can  ba  axprassad 

in  tarns  of  tha  langth  scala  factor  x,  tha  tina  scala  factor  r, 
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and  tha  dansity  acala  factor  5«  only  f  and  9  ranain  undataminad . 
For  fiald  tasts,  3  •  1.  Thus,  only  tha  tima  acala  factor  ia  laft 
opan.  Thla  allowa  for  aatlafaction  of  ona  additional  almilarity 
raquiraawnt  aa  will  ba  diacuaaad  in  Saction  V. 

For  nuclaar  axploaiona  a  aealing  rula  «dii^  ia  analogoua  to 
that  for  chamical  axploaiona  can  ba  obtainad*  if  aiadlituda  of 
tha  anargy  ia  conaldarad.  Thara  ia  no  axact  ainilituda  bat%«aan 
nuclaar  and  eonvantional  axploaiona*  Convaraion  factora  tfhieh 
ara  aagtirlcally  obtainad  from  axpariaiantal  data  pandt  a 
alaulatlon  of  nuclaar  axploaiona  by  HF  modal  taata. 

XV.  DXMEMSIOHAI.  AHALYSXS 

4.1  Onita  and  Dimanaiona.  Mathamatical  aquationa  daal  with  abatract 
cottcapta  auch  aa  nunbara,  functiona.  ate.  Fhyaical  aquationa 
daacriba  procaaaaa  occurring  in  natura  and  daal  with  matarial 
or  natural  nagnitudaa.  auch  aa  valoeity,  tima*  maaa.  ate.  Xn 
prineipla.  all  phyaical  magnitudaa  can  ba  naaaurad.  Tha  atandarda 
by  whidt  phyaical  magnitudaa  ara  naaaurad  ara  callad  unit a.  For 
axanpla.  inch.  foot,  natar.  mila.  light  yaar.  ate.  ara  unita  in 
which  tha  quantity  of  a  langth  la  naaaurad. 

Oiaanaion  ia  an  indication  of  tha  phyaical  natura  of  a 
magnltuda  irraapactiva  of  Ita  unita.  Tha  dlatanca  batwaan  two 
pointa  haa  tha  dinanaion  of  a  langth  ragardlaaa  whathar  it  ia 
naaatirad  in  inch.  cm.  mila.  or  othar  unita. 

Xt  ia  ganarally  raalixad.  but  raraly  practlcad  (bacauaa 
unnacaaaary) .  that  a  phyaical  aquation  ahould  actually  ba  %nrittan 
in  two  aqualitlaa.  nanaly  tha  algabraic  or  mathamatical  aquation 
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and  tha  diMAsional  aquation*  ahara  tha  lattar  confiraw  tha 
raqulraawnt  that  tha  tarma  on  tha  tt#o  aidaa  of  a  physicai  aquation 
mat  hava  tha  sam  dimnaion.  niis  prineipla  of  "diaanaional 
hoaoganaity"  mat  ba  aatiafiad  for  any  maningful  atatamnt  of  a 
phyaieal  proeaaa*  bacauaa  quantitiaa  having  diffarant  dimnaiona 
cannot  ba  aqoal.  Taka  for  inatanca  tha  two  aquationa 

U.l)  V  -  g.t 

(4.2)  a  -  J  t^* 

idtara 

V  ■  vaioeity 
g  m  aecalaration 
t  ■  tim 
a  ■  diatanea 

Tha  dimnaional  aquatima  for  thaaa  eaaaa  ara 

(4.3)  V^P  -  (tA*)T 

(4.4)  t  •  (L/T*)T^, 

whara  L  danotaa  tha  dimnaion  of  a  langth*  T  that  of  a  tim. 
Although  dimnaional  aquationa  ara  raraly  writtan  down*  tha  chack 
of  tha  dimnaional  aquality  ia  a  vary  uaaful  mthod  for  taating 
tha  validity  of  a  phyaieal  aquation.  For  inatanca,  tha 
(dlmnaionally  inhoaoganaoua)  coadsination  of  (4.1)  and  (4.2) 

(4.5)  V  a  -  g(t  tV2) 

34 


HOLnt  63-2S7  ' 

la  not  a  valid  phyaical  aquation,  daapita  ita  obvioua  Mthmnatical 
validity.  Prom  tha  phyaical  point  of  viaw  (4.5)  ia  maaninglaaa. 

It  ia  alBKiat  auparfluoua  to  add  that  tha  aana  unita  nuat 
oec\ir  on  both  aidaa  of  a  phyaical  aquation  and  that  convaraion 
faetora  ara  uaad  for  thia  purpoaa  if  tha  problaa  containa 
diffarant  unita. 

4.2  Pundaaantal  Dimanaiona.  Tha  dinanalon  of  any  phyaical 
Mgnituda  can  ba  rapraaantad  in  taraa  of  fundaaMntal  diawnalona. 
Thia  haa  baan  uaad  abova  in  (4.3)  and  (4.4) ,  by  axpraaaing  tha 
diawnaion  of  valocity  by  L/T,  and  that  of  tha  aecalaration  by 
Xn  thia  way,  tha  nuabar  of  tha  diffarant  dinanaional 
antltiaa  can  ba  vaatly  daeraaaad. 

Tha  ehoica  of  tha  fundaaMntal  diaMnaiona  ia  in  a  larga  part 
a  auittar  of  convanianca.  Of  couraa,  it  dapanda  on  tha  phyaical 
ayataai  conaidarad  ^diidi  could  ba  a  puraly  BMChanical,  alaetrical, 
or  awgnatio  ayataai,  or  aoaM  othar  kind.  In  atandard  fluid  dynanica 

Langth,  Tim,  Danaity 

ara  convaniant  fundamntal  dimnaiona.  Thaaa  tbraa  ara  aufficiant 
to  account  for  all  coaawn  hydrodynamic  procaaaaa,  but,  of  eoiiraa, 
not  for  quantitiaa  of  magnato-hydrodynaaiic  phanomna,  plaaaa  flow, 
ate. 

Tabla  4.1  liata  axamplaa  of  dimnaiona  of  phyaical  siagnitudea 
axpraaaad  in  tarm  of  fundamntal  dimnaiona. 


TMLI  4.1 

DiMnaiona  of  fhvalcal  Magnltvid 


vmn 


Langth 


Danaity 


valoclty 

Aecalaratlon 

fraaaora 

Knargy 

Bnargy  par  unit  aaaa 
Knargy  par  unit  volu 

KinaaMtlc  Vlaeoaity 
Surfaca  Tanaion 


Tha  eloaa  Intarralation  batwaan  fundaaMntal  diaauuiiona 
and  aeala  factora  ia  obvloua.  but  will  bacoa«  avan  aora  apparant 
balow.  Bara,  it  auiy  auffica  to  point  out  tha  aiallarlty  batwaan 
Tabla  3.1  and  tha  corraapondlng  antrlaa  ia  Tabla  4.1.  Alao,  tha 
pravioaa  atataaant  ia  confinaod  that  only  thraa  aeala  factora. 
naaaly  a,  t,  and  P,  which  corraapond  to  I.,  T#  and  O  can  ba 
fraaly  choaan. 

4.3  Dinanaionleaa  Magnitudaa.  Any  phyaical  aquation  can  ba 
brought  into  auch  a  fora  that  all  variablaa  antar  tha  aquation 
aa  dinanaionlaaa  or  unltofraa  nagnitudaa.  Ihla  can  ba  achiavad 
by  tha  introduction  of  rafaranca  magnitudaa  (or  charactariatlc 
magnitudaa)  by  %diich  tha  variablaa  arc  dividad.  If  tha  variabla 
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and  tha  rafaranca  maqnituda  hava  tha  aaiaa  dlnanaion.  a  unitXass 
or  dimansionlaaa  variabla  la  obtainad.  Aa  In  tha  casa  of  acala 
factors*  tha  rafaranca  aagnitudaa  anst  ba  constants. 

Rafaranca  naqnltudas  oftan  occur  in  tha  fora  of  cosibina* 
tions  of  othar  charactariatlc  naqnltudas*  a.g.  rafaranca  tlsM  ■ 
rafaranca  langth/ra faranca  valocity.  In  principla*  all  that  is 
naadad  1*  a  charactarlstic  langth*  tiaa*  and  dansity*  as  is 
obvious  from  Table  4.1.  Howevar.  this  is  not  always  convenient 
and  other  reterence  magnitudes  may  ba  more  desirable. 

4.4  Tha  Theorems  of  Dimensional  Analysis.  Thera  are  three 
fundaanntal  thaorMs  in  tha  theory  of  diswnsional  analysis.  The 
first  thaorms  assarts  tha  possibility  of  Obtaining  dlMnsionlass 
variables  in  aquations*  as  discussed  above.  Tha  second  theorem 
states  that  tha  nunbar  of  cosibinations  whidh  give  dimansionlass 
magnitudes  is  equal  to  tha  diffOranea  between  tha  nuabar  of 
variables  and  tha  nuabar  of  fundamental  dimensions. (In  exceptional 
cases  tha  coabinations  aiay  ba  larger  than  this  diffaranca.)  This 
is  tha  renowned  "Pi  Theorem"  of  Buckingham^Vashy.  According  to 
tha  third  theorem*  any  dimansionlass  combination  anist  ba 
expressible  as  a  product  of  powers  of  tha  variables*  Including 
tha  power  0. 

In  practical  applications  these  thaorasw  are  rarely  used. 
Tha  datarmination  of  tha  proper  coabination  rarely  offers 
problems  or  difficulties  in  tha  field  of  hydrodynasilcs.  Vary 
often  tha  prt^lam  itself  and  tha  physical  situation  to  ba  studied 


•U99««t  coaibliuitiona.  Of  coutm*  in  doing  no  on* 

foroakoa  tho  far  roaehing  inalght  idildi  tho  application  of  such 
rigorooa  awthoda  affords, 

4.5  Piosnsionlsss  Bouations  and  Thsir  Relationship  to  the  Sioilituds 
of  Models.  A  practical  advantage  of  disMnsionlsss  aquations  is 
that  thsir  nuMrical  solutions  arc  of  ganaral  nature  and  are 
directly  applicable  to  an  infinite  nuaber  of  specific  cases. 

For  instance*  the  following  equation  holds  for  the  pressure  on 
the  surface  of  a  plane  air-badeed  plate  «dien  hit  perpendicularly 
by  a  plane  shock  wave  (Cole  (1948)*  p.  404). 


(4.6) 


p-si; 


C.« 


(■  ♦  P  c  »)e”^*  -2p  e  4  e 


-  ^  t 


For  conpleteness  it  is  noted  that  the  incident  wave  which  hits 
the  plate  has  been  assusMd  to  be  an  expropentional  pressure  pulse 
of  the  form 


(4.7) 


P  -  P, 


The  syabols  denotes 

P  •  excess  pressure  above  hydrostatic  pressure 

Puax  ■  P***  P^«»««re 

#  tiaa  constant  of  Shock  wave 

■  ■  Bass  of  plate  per  unit  area 

p  a  density  of  (undisturbed)  water 

c  a  s<Hind  velocity  of  (undisturbed)  water 
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Introducing  the  tiao  constant  9  and  the  peak  prsssura  as 

rsfsrsncs  Magnitudes  as  %«oll  as  the  diasnsionlsss  paranstsr 

(4.8)  p  «  0  c  s/a 

equation  (4.6)  can  be  thrown  into  the  diasnsionlsss  fora 

(4.9)  P  •  [(lf9)«"^  -  2ss*9^  ] 

whsrs 

p  a  diasnsionlsss  pressure  a  P/P—^ 
t  a  diasnsionlsss  tias  a  t/§. 

Nhsn  applied  to  an  underwater  sxplosiMi.  (4.9)  holds  for  any 
charge  «*elght  and  any  distance  provided  p  has  the  sane  value. 

On  the  other  hand.  (4.6)  holds  only  for  one  specific  charge 
weight  and  a  distance  which  produces  the  peak  pressure  and 
the  tine  constant  e  at  the  location  of  the  plate. 

The  connection  with  the  sealing  of  aodel  tests  is  inescapable 1 
valid  results  are  obtained  froa  (4.9)  regardless  of  the  absolute 
sixe  of  the  aagnitudes  involved,  if  p  !•  the  sane.  Suppose  a 
swdel  test  is  nade  of  the  isqpact  of  a  plane  shodc  wave  on  a  plate; 
there  will  be  siallitude  of  the  laressure  histories,  if  the  paraaeter 
P  has  the  saM  value  for  the  fell  scale  and  the  aodel  test.  We 
have  here  an  exaaple  of  how  scaling  requirenents  can  be  obtained 
froa  equatiMis.  The  exaaple  is  instructive  in  another  respect. 

The  validity  of  equation  (4.6)  is  liaitad.  It  holds  for  ssuill 
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pr«aaur«  aaiplitudaa  only  (acouatie  approximation),  it  diaragarda 
tha  alaatie  or  plaatic  raatoring  forcaa  of  tha  plata,  and  it 
usaa  tha  approximation  of  a  plana  wava.  Zf  thaaa  limitationa 
ara  ramovad.  it  ia  not  trua  that  (4.9)  holda  raqardlaaa  of  tha 
aisa  of  charga  and  diatanca.  Modal  taata  ara  not  nacasaarily 
aiibjact  to  auch  liadtationa,  ainca  aquationa  %dtich  giva  a  valid 
daaeription  of  all  phanomana  and  a f facta  important  to  tha  atudy 
can  ba  uaad  to  dariva  tha  aealing  rulaa*  Tha  graat  advantage  of 
dimanaional  analyaia  liaa  in  tha  fact  that  it  ia  not  nacaaaary 
to  "aolva*  tha  aquation.  Thia  will  4ja  damonstratad  in  tha 
following  article. 

4.6  Tha  Darivation  of  Additional  Similitude  Criteria,  wa  will 
now  dariva  tha  raquiremanta  for  tha  aiaiilituda  of  tha  affacta 
of  compraaaibility,  viscoaity,  and  gravity  by  maana  of  a 
dimanaional  analyaia  of  tha  baaic  hydrodynaadc  aquationa. 

Tha  Maviar-Stokaa  aquation  for  a  compraaaibla  fluid  of 
eonatant  viacoaity  ia  in  vector  notation  {Nilna-Thomaon  (1950), 
19.03  (3)  and  2.32 (V)) 
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Th«  syMbels  hav*  tha  following  Maning 
V  •  valocity  vactor 
t  ■  tlBM 
§  m  danalty 
p  ■  praaaura 

0  «  potantial  of  gravity 
9  ■  klnoMtle  viscoaity 

Although  tha  aiailituda  raguirauanta  can  ba  raadlly  darlvad  from 
thaaa  aquatlona*  %<a  dioosa  tha  nora  laborloua  rapraaantation  in 
coordlnataa  for  our  daaonatratlona*  baeausa  this  tfill  show  nora 
datails  of  tha  transfonutlona  nada. 

For  tha  easa  of  apharical  syaaMtry  (4.10a  and  b)  taka  tha 

fOx« 

(4.U.)  * 

(4.UW  ^42^.0 

with 


u  ■  radial  valocity 
X  m  radial  distanca 
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It  w*  introduce  the  eound  velocity  c  defined  by 

(4.1J)  -  (I?  ^  • 

equations  (4.11a  and  b)  can  be  combined  into 

ASi  ♦  1  iE  ♦  (c+tt)  ia  4.  ^  iE  > 

;»t  ^  Fc  iHt  V  ;^x  ^  Fc  ;>x 

X  p  V  ?>a  ^  L  >t  ^  "  »x  J 

(4.13)  ^ 

+  g  sin  t  ♦  *  r  ^  (x*  u) 

*•  X  ?»x* 

♦  T  w  ''  7  w  <’•’  "0  ]  ' 

here 

S  a  entropy 

9  m  acceleration  of  gravity 
t  a  angle  between  x  and  the  horisontal  plane. 

This  equation  has  been  obtained  by  addition  of  (4.11a)  and  the 
slightly  transformed  equation  (4.11b) .  Subtraction  yields  the 
same  equation,  but  with  different  signs.  Only  one  equation  is 
needed  for  our  purpose,  although  two  equations  plus  the  equation 
of  state  are  necessary  to  determine  u(t,x) ,  p(t,x) ,  and  P(t.x). 
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H«  introduc*  th«  following  dijMnslonloas  variablos 
u  •  vk/V*  •  dimanaionlosa  volocity 
t  ■  t/r*  a  dlmanaionlaaa  tia» 
p  ■  p/p*  ■  dlmanaionlaaa  praaaura 
5  ■  x/L*  a  dlmanaionlaaa  diatanea 
p  a  o/D*  a  dlmanaionlaaa  danaity 
e  a  c/e*  a  dlmanaionlaaa  aound  valoeity 
S  a  s/s*  a  dlmanaionlaaa  antropy 
Tha  aatariak  danotaa  charactariatie  magnitudaa  of  tha  problam 
Which  can  ba  arbitrarily  choaan.  but  %diich  muat  ba  eonatant  with 
raapact  to  tima  and  apaca.  For  axampla,  V*  ia  a  charactariatie 
valoeity,  ate,  Oiviaion  of  (4.13)  by  V*^/L*  yialda  with  thaaa 
naw  variablaa 


it  D*V* 


C  ♦  u 


'  ^  ix  D*V*‘' 


V*  l_  ^ 


(4.14) 


2uc  c* 

—  v¥ 
X 


is 

it 


+  u 


aia  t 


If  vm  apply  (4.14)  to  phyaical  aituationa  of  diffarant 
linaar  dimanaiona  tha  sama  aquation  will  ba  obtained  for  each  of 
thaaa  aituationa,  if  and  only  if,  tha  factor a  involving  tha 
atarred  magnitudaa  hava  the  aaiiia  value.  Since  the  equation  ia 
the  aame,  u(€,  x) ,  P(€,  x) ,  etc.  will  be  the  aame,  rega^’dleea 
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of  tho  aiza  of  tha  procaaa.  If  this  holds  trua  for  axparlnants, 
wa  say  that  tha  raqulrastants  of  slmilituda  ara  satlsfiad. 

Tha  factors  In  (4.14),  which  sniat  hava  aqual  valuas  for 
sirailituda  ara  dinansionlass  and  ara  callad  charactarlstic 
nunbarst 


V*T^' 


D*V*‘' 


V* 

c* 


^or  ^ 


Nunbar  of  hinaraatic  simllituda 


Iia%rton  Nustbar 


gT*“ 

V*L* 

w 


gL* 


Mach  Mtanbar 


Frouda  Nunbar 


Reynolds  Nunbar 


Equality  of  these  characteristic  numbers  for  tha  two  scales  is 
the  criterion  of  similitude.  The  rarely  used  Newton  or  Euler 
number  assures  dynamic  similitude  (sea  Table  3.D. 

Exactly  tha  same  result  could  hava  bean  obtained,  if  instead 
of  the  characteristic  magnitudes  for  velocity,  time,  pressure, 
and  density,  the  scale  factors  of  these  magnitudes  wars  introduced 
in  (4.13)  .  Tha  characteristic  n\imbers  than  appear  in  terms  of 
scale  factors  as  in  Table  5.1  below. 

It  may  be  noted  that  a  strict  application  of  tho  Mach 
criterion  yields  the  similitude  requirement  for  the  equation  of 
state.  This  will  be  discussed  in  Article  6.2. 
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4.7  Con«l«f  nt  Sliiilltud*  and  In«p«ctional  Aimlvis.  Th« 
rvaults  of  tho  proeodlng  artlelo  can  bo  obtalnod  in  nany  other 
ways.  Ono  of  than,  tdiich  ia  anphaaisad  in  thia  atudy.  ia  tha 
conaidaration  of  conaiatant  aiadlitudas  All  aagnitudaa  iNiat  ba 
raduead  by  tha  portinant  acala  factor.  For  axaapla«  if  wa  apply 
thia  concapt  to  tha  accalaration  and  if  tha  accalaration  of 
gravity  g  ia  inportant.  all  other  accalarationa  in  tha  nodal  teat 
auat  renain  tha  aana  aa  in  full  acala.  ainca.  or  if.  g  cannot  ba 
altered.  Thia  ia  the  inplication  of  Prouda'a  number.. 

Birkhoff  haa  called  the  proceaa  uaad  in  the  preceding 
article  inepectional  analyaia.  A  ainpler  type  of  this  analysis 
deals  only  with  the  dinensiona  of  tha  physical  factors  important 
to  tha  proceaa  considered. 

Xf  cavitation,  boiling,  or  condensation  occur  in  tha  proceaa 
to  ba  studied,  siailitude  of  theaa  phanonena  nay  be  desired.  Tha 
physical  factor  of  importance  here  ia  the  vapor  pressure  of  the 
fluid  t))*  pressure  of  the  liquid  reaches  the  vapor 

pressure,  evaporation  will  begin.  For  similitude  auat 

have  tha  aana  value  for  the  aodel  and  the  full  scale  testi 
Bence. 

pe  n*v*^ 

-.1  — -  or  p  '  .  or  the  Thoma  Number 

vapor  vapor 

must  ba  equal  for  model  and  full  scale.  This  criterion  for 
siadlitude  was  first  derived  for  cavitation  processes  in  water 
turbines  of  hydroelectric  power  stations.  It  ia  also  widely 
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«Md  for  ship  propollorSf  wator  ontryf  and  alailar  problaas. 
Dapanding  on  tha  purpoaa*  Thona*a  nuadtar  appaara  in  a  graat 
aariaty  of  foras.  For  our  purpoaaa  tha  first  fons  glvan  abova 
is  tha  seat  aultabla  ona. 

Surfaoa  tanaioa  rafara  to  tha  proparty  of  a  liquid  surfaca 
to  ineraaaa  tha  praaaura  in  proportion  to  tha  surfaca  curvatura. 
For  inatanea«  prassura  inalda  a  spharlcal  drop  of  radius  r  is 
incraasad  by 

(4.15)  AF  -  c/r  , 

whara  (  is  tha  surfaca  tansion  of  tha  liquid.  For  sladlituda  of 
surfaca  tansion  this  prassura  Incraasa  anist  aaount  to  tha  saata 
fraction  of  tha  hydrodynamic  prassura  occurring  in  tha  procass. 
Thus 

par,* 

— - —  «  tha  Wabar  Munbar. 

arast  hava  tha  saaN  valua  both  in  tha  n»dal  and  tha  full  scala 
tast. 

4.8  Siuiarv. 

Tha  scaling  criteria  which  ara  nacassary  in  addition  to  tha 
thraa  basic  raouiraiaants  of  similituda  can  ba  obtained  in  aavaral 
%#ays.  Equations  which  adaquataly  dascrlba  tha  procass  of  intarast 
atust  hold  ragardlass  of  tha  physical  siza  of  tha  phanonanon.  By 
tha  introduction  of  diaianaionlass  (raducad)  variablas,  tha  slsa 
can  ba  aliadnatad  from  tha  aquations.  In  such  dinsnsionlass 
aquations  a  nuadbar  of  diawnsionlass  constants  appear.  Tha 
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•qastions  hav*  tlM  saM  aolution  if  thasa  eonatanta  hava  tha  sa»a 
valua,  an4  hanca.  tha  aquationa  daaeriha  tha  aaaa  procaaa.  If 
this  situation  holds  for  two  axpariaonts*  ona  says  that  thara 

is  sisdlituda.  Squality  of  tha  diaansionlass  ccnstants  or 
charactariatie  nuaibars  (Mach  nunbar*  Frouda  nunbar,  ate.)  is  a 
slmilituda  raquiraaiant  for  modal  tasts. 

Tha  scaling  raquiramanta  can  ba  also  darived  by  tha  con- 
sidaration  of  "conaistant  siinilituda*.  All  lengths,  valoeitias, 
accelerations,  tiatas.  massas.  prassures.  anargias.  ate.  occurring 
in  a  aodal  tast  aiuat  ba  reducad  by  tha  partlnant  scale  factors. 
This  holds  for  tha  sound  valocity  of  tha  madiuai  as  wall  as  for 
tha  praasura  caused  by  surface  tension,  tha  pressure  caused  by 
viscous  forces,  and  tha  vapor  prassura.  It  also  must  ba  applied 
to  tha  acceleration  of  gravity.  In  this  way  tha  criteria  of 
Mach.  Wabar.  Reynolds.  Thoma.and  Frouda  similitude  can  ba 
obtained  without  involved  calculations. 

V.  SCALINO  ANALYSIS  ZI 

5»1  Additional  Criteria  of  Similitude.  It  was  shown  in  tha 
preceding  section  that  for  similitude  of  a  specific  effect,  a 
characteristic  nunbar  (i.a.  a  dimensionless  nagnitude)  siust  have 
the  sasw  value  for  the  model  teat  and  for  the  full  scale 
condition.  As  wa  have  seen,  it  has  bacoeia  customary  to  give 
these  characteristic  ntnnbers  tha  nasMs  of  famous  scientists. 

Table  5.1  shows  a  list  of  the  nundsers  which  have  a  bearing  on 
explosions  in  free  Mtar  (i.a..  in  tha  absence  of  targets). 
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ThttM  criteria  must  1>«  satisfied  in  addition  to  those 
given  in  Table  l.l,%<hich  are  the  criteria  for  geostetric* 
kinematic,  and  dynamic  similitude. 

TABLB  5.1 

Similitude  of  Compressibility  Effects 
Mach  Humber  ^  ,  a  e  ■ 

SisdLlitude  of  Gravitational  Effects 
L*  V*^  • 

Froude  Number  - . j  or  rjy  o  •  g  •  9,g/9 

gT*  ’ 

Similitude  of  Evaporation  and  Condensation  Effects 
rhoma  Muad>er  ^/^vapor  ^  “  ^vapor  "  ^^vapor^n/^vapor 

Siaiilitude  of  the  Effects  of  Surface  Tension 
Heber  NuaA>er  —d  „X  •  C  •  C^C 

Similitude  of  the  Effects  of  Viscosity 
Reynolds  Number  SSii  x^/r  •  *  •  v^v 

The  characteristic  nuiid»ers  shoim  in  Tabls  5.1  involve  the 
characteristic  length  L* 
characteristic  time  T* 
characteristic  velocity  V* 
characteristic  precimre  F* 
diaracterlstic  sound  velocity  c* 


48 


aOLTR  63-257 


aa  wall  aa  phyaical  conatanta,  naaMly  accalaration  of  gravity  g, 
vapor  praaaura  aurfaca  tanaion  c*  •wl  tha  klnaauitlc 

viacoaity  g.  Hara  tha  quaatlon  may  ba  ralaad  whic^  valoclty« 
langth,  tiaa,  or  praaaura  ahould  ba  conaldarad  aa  charactarlatic 
and  accordingly  ba  inaartad  into  thaaa  nuidoara.  Strictly 
•P*aklng«  thia  doaa  not  mattar.  Any  honologoua  or  corraaponding 
magnituda  of  tha  aaaia  diaanaion  uy  aarva  thia  purpoaa* 

Com«>nly.  aagnitudaa  which  ara  typical  of  tha  problem  are 
choaen*  a.g.  peak  praaaura,  charga  radiua,  peak  valocity,  aound 
valocity  of  tha  undiaturbad  aadiua,  ate. 

In  Table  5.1,  tha  eharaetariatie  nnadbara  ara  alao  given  in 
terras  of  tha  acala  factora.  Xt  ia  aaan  that  in  thaaa  ralation- 
ahipa  tha  acala  factor  fbr  aound  valocity  c,  tha  acala  factor 
for  gravity  g,  tha  acala  factor  for  tha  vapor  praaaura 
tha  acala  factor  tor  aurfaca  tanaion  and  tha  acala  factor 
for  kinematic  viacoaity  occur.  For  field  taata  all  thaaa 
acala  factora  ara  unity,  bacauaa  ona  uaually  haa  tha  aama 
medium  and  tha  aama  gravitational  accalaration  for  tha  model 
teat  and  tha  full  acala  teat. 

Both  approachea,  that  uaing  eharaetariatie  aagnitudaa 
au<*  aa  L*,  V*,  or  that  uaing  acala  factora  auch  aa  x»  cp, amount 
to  tha  aama  baalc  exploitation  of  tha  concept  of  aiallltude. 

It  ia  a  matter  of  convenience  or  paraonal  prefarenca  which  of 
thaaa  approachea  ia  uaad.  In  thia  atudy  wa  will  uaa  acala 
factora  and  not  eharaetariatie  numbara. 
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5.2  Thm  Limitationa  of  Scaling.  Zt  waa  dlscuaaad  abova  that 
for  aodal  taata  of  flow  procaasaa  only  t%#o  scala  factors 
roMlnad  undataminad^  naoMly.  tha  tima  acala  factor  t  and  tha 
danaity  acala  factor  For  fiald  modal  taata  tha  danaity 
acala  factor  aniat  hava  tha  valua  1,  ao  that  only  ona  acala 
factor.  Tf  can  ba  choaan  to  aatlafy  furthar  alnilltuda 
raqnlramanta.  On  tha  othar  hand  Tabla  5.1  liata  flva 
additional  raquiranwnta.  A  glanca  at  thla  tabla  ahowa  that  in 
■oat  practically  obtainable  situationa.  tha  raquiraawnta 
contradict  aach  othar.  Hanca,  only  ona.  or  at  tha  vary  baat, 
two  of  tha  affacta  liatad  in  Tabla  5.1  can  ba  acalad  in  a 
modal  taat.  Tha  raauiining  affacta  cannot  ba  scaled. 

Wa  saa  hare  tha  grave  drawback  of  tha  technique  of  modal 
tests.  It  is  usually  not  possible  to  satisfy  all  requiramants 
for  aimilituda  and.  therefore,  complete,  ideal  similitude 
cannot  ba  achieved.  Prom  this  point  of  view  any  modal  test 
raprasants  an  approximation.  Depending  on  tha  circumatancas. 
tha  approximation  may  bo  either  axcollont.  fair,  or  unacceptable. 

Tha  parallel  with  mathaouitical  theory  is  obvious.  Tha  key 
to  any  thaozatical  as  wall  as  nodal  study  lias  in  the  art  of 
judging  %«hich  physical  factors  or  whicdi  affects  must  ba 
included  and  vdiicA  may  ba  naglactad.  There  fora,  tha  problem 
of  scaling  roquiras  a  thorough  understanding  of  tha  physics  of 
tha  phenomena.  Tha  scaling  criteria  listed  in  Tables  3.1  and 
5.1  are  readily  applied,  once  the  decision  has  bean  made  which 
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factors  arc  iaportant  in  tha  phanoaana  to  bo  studied .  Those 
tables  also  say  serve  as  a  resdnder  of  the  phenosMina  or  effects 
«dilch  are  ignored  in  a  specific  aodel  test. 

SuiBBiarv.  For  strict  siadlitude  of  a  fluid  dynamics  process 
such  as  an  explosion,  a  nuaber  of  sisdlarity  reejuiroswnts  snist 
be  satisfied.  Xn  addition  to  the  three  basic  requirosants 
previously  discussed,  there  should  be  similitude  of  the  effects 
of  compressibility,  gravity,  vapor  pressure,  surface  tension, 
and  viscosity.  An  inspection  of  the  requiresants  listed  in 
Table  5.1  shows  that  some  of  these  are  contradictory  in  practice 
Therefore,  it  is  actually  not  possible  to  satisfy  all  those 
requiresants  simultaneously.  This  shows  the  grave  drawback  of 
the  technique  of  model  teatsi  Strict  similitude  cannot  be 
achieved.  From  this  point  of  view  every  model  test  represents 
an  approximation.  Depending  on  the  circumstances,  the  approxi¬ 
mation  may  be  either  excellent,  fair,  or  unacceptable.  In 
contrast  to  theory.  %diich  is  much  more  flexible,  model  testing 
is  limited  in  applicability. 

VI.  SCALIMS  OF  THB  DHDERNATBR  EXFL08IQR 
SBOeX  WAVS 

6.1  Derivation  of  the  Cube  Root  Scalitw  Rule.  Fhenoaana 
associated  with  explosions  include  shock  waves  or  blast  waves. 
These  pressure  waves  are  the  direct  consequence  of  the  compressi¬ 
bility  of  the  awdium.  Therefore,  in  any  model  teat  whi^  deals 
with  these  processes  it  is  important  to  make  sure  that  there  is 
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•iailltttda  of  tho  offocta  of  eoaqpraaaibllity;  i.a.«  tha  Mach 
aiallituda  erltarlon  auat  ba  aatiaflad.  Za  axploaion  raaaarch# 
aa  coaaionly  do  not  rafar  to  tha  Mach  nuaibat*  but  uaa  tha  cuba 
root  aealing<  which  la  aqulvalant  to  Mach  scaling. 

Zt  is  sinpla  to  dariva  tha  cuba  root  scaling  rula  frosi  tha 
ralations  listad  in  Tablaa  3J.  and  5.1.  Zf  wa  consldar  flald 
taats,  l.a.f  tha  sasM  asdiusi  in  tha  full  scala  and  in  tha  nodal, 
than  tha  sound  valoeitias  ara  tha  sana  in  both  scalaa.  Hanca. 
according  to  Tabla  5.1  tha  valocity  scala  factor  oust  ba  unity s 

a  ■  1  . 

This  rasult  could  hava  baan  obtained  without  racoursa  to  tha  Mach 
nuabar  if  tha  rules  of  siailituda  ara  consequently  obeyed,  tfa 
hava  previously  stated  that  all  iaportant  velocities  nust  ba 
reduced  by  tha  velocity  scale  factor  This  includes  tha 
velocity  of  sound.  Since  this  velocity  is  tha  saaa  in  tha  nodal 
test  as  in  full  scale,  tha  velocity  scale  is  fixed  to  •  ■  1. 

Going  back  to  Tabla  3.1  iaaadiataly  obtain  tha  following 
relational 

velocity  scale  a  «  1 
Tiaa  scale  t  ■  i 
Pressure  scala  n  *  1 
Snargy  scala  •  « 

Density  scala  P  ■  1 

Scala  of  sound  velocity  c  ■  1. 
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A*  discussed  b«for««  th«  length  scale  factor  \  is  proportional 
to  the  cube  root  of  the  charge  weight  W.  The  scaling  rule  can 
be  expressed  in  vrords  as  follows t  "The  pressures  and  the 
velocities  produced  by  the  explosion  at  homologous  distances 
and  tisMs  are  equal  in  the  model  and  the  full  scale.  Length 
scale  and  time  scale  are  proportional  to  the  cube  root  of  the 
charge  %#eight* . 

this  scaling  rule  has  various  names,  the  most  conaBun 
designation  is  cube  root  scaling.  Another  rather  appropriate 
term  is  "isovelocity  scaling".  Sometimes  it  is  also  called 
Hopkinson’s  law  or  Hilliar's  law.  Hilliar  was  the  first  to 
describe  this  law  in  the  literature  {1919) ,  but  he  attributes 
it  to  Ropkinson  without  giving  references.  Hilliar  applied  this 
rule  to  underwater  explosions  and  also  considered  damage  processes. 
Crans  (1926)  elaborates  upon  very  similar  scaling  rules,  also 
with  special  regard  to  damage  processes.  The  reader  obtains  the 
impression  that  Crans 's  account  is  based  on  the  original  publica¬ 
tion  of  Ropkinson.  Crans  also  does  not  quote  a  literature 
reference. 

There  are  two  ways  to  obtain  the  reduced  length  and  time. 

One  way  is  to  use  the  charge  radius  as  the  characteristic 
length  and  charge  radius  divided  by  a  suitable  velocity  for  the 
characteristic  time.  An  appropriate  velocity  is  the  sound 
velocity  of  the  undisturbed  %rater.e^. 
distance  and  the  reduced  time  \#ould  be 


Thus,  the  reduced 
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Conaaonxy,  R  r«fars  to  tho  distance  from  the  canter  of  the  explo¬ 
sion,  The  second  version  of  reduced  magnitudes  is  more  often 
used  in  the  literature.  It  is  simply 

The  first  version  is  dlMnaionless,  hence  no  explanation  of  the 
units  is  necessary.  The  second  version  is  not  dimensionless i 
coi«on  units  are  ftAb^/^  Obviously  the  latter 

reduced  magnitudes  are  easier  and  quicker  to  calculate  in 
practical  cases.  But,  it  Mst  be  remesdsered  that  (6.2)  can  be 
strictly  used  only  fOr  charges  of  the  sasM  material  constants* 
in  particulsj:  of  equal  loading  density*  a  fact  which  is  often 
overlocdced. 

In  the  literature  on  explosions,  the  ratio  R/W^^^  is 
sometimes  denoted  by  X,  Although  it  is  a  measure  of  the  length 
scale,  K/H  '  not  dimensionless  and  is  not  identical  %rith 
the  length  scale  factor  X  as  defined  in  this  study.  The  reader 
should  note  this  difference  in  the  notation. 

%d)ich  coeqnrises  cube  root  scaling  can  be 
written  in  the  following  mathematical  form  when  the  second 
version  of  reduced  magnitudes  is  usedt 

<6.3)  iXt.IO  .  f(  . 


strictly  speaking*  this  Isw  holds  only  for  explosions  et 
the  seas  hydrostatic  pressure*  because  the  requireaent  concerning 
the  pressure  scale  (n  a  1)  aust  also  be  applied  to  the  aabient 
pressure.  Zt  is  also  iaportant  to  reaseibsr  that  "shock  wave 
presstire*  eoanonly  refers  to  the  excess  pressure  above  hydro- 
static  idiereas  the  pressure  considered  in  the  siailarity  laws 
is  the  absolute  pressure.  So  long  as  the  excess  pressure  is 
wndh  larger  than  the  hydrostatic  pressure*  %Siich  is  coeaonly 
the  case  in  aost  ailitary  situations*  the  difference  between 
excess  pressure  and  absolute  pressure  can  be  neglected.  Bowever* 
this  difference  aust  be  kept  in  mind  once  the  excess  pressure 
becomes  of  the  same  order  of  magnitude  as  the  hydrostatic 
prersur^  as  uy  occur  in  deep  nuclear  or  HS  shots.  As  will  be 
discussed  in  Article  6.6  only  slight  discrepancies  are  to  be 
expected  due  to  this  deviation  from  strict  similitude. 

6.2  Reouiresants  for  Scaling  of  the  Shock  Wave.  It  is  important 
not  to  overlook  certain  iaplications  which  result  froa  the 
requireswnt  of  consistent  siadlitude.  Zt  is  understood  that 
tliare  must  be  geometric  similitude  as  discussed  before.  Zf  the 
effect  of  the  bottom  of  the  sea  is  to  be  studied,  the  bottoa 
material  in  the  aodel  test  snist  have  the  saae  properties  as  in 
full  scale*  in  particular  the  saae  density*  compressibility*  and 
strength.  Zf  the  bottoa  contains  boulders  or  coarse  gravel* 
geoaetrical  similitude  of  such  individual  parts  might  be 
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Sine*  th*  aound  valoeity  ehangca  with  praasur*  th* 
r*<]uir*Mnt  n  ■  1  and  <»  *  1  n*c*aaitat*a  that  th*  aound  valocity- 
praaaur*  ralationahip  aniat  b*  idantical  for  full  acal*  and 
a»d*l  taata.  Thia  appliaa  to  all  matariala,  to  th*  wat*r«  to 
th*  bottoaif  and.  noat  iaiportant.  to  th*  raaction  product*  of 
th*  axploaiv*.  (It  hold*  obvioualy  for  th*  anbiant  watar  ainc* 
%r*  aaauat*  that  th*  aaai*  madiun  ia  uaad  in  th*  nodal  and  in  th* 
full  acal*  taata.  Conpar*  Articl*  3.7  about  modal  taata  in 
fraah  %rat*r  inataad  of  aaa  watar.) 

It  ia  worth%diil*  to  aunaarix*  th*  raquiraaanta  for  th* 
axploaiv*  uaad  in  th*  laodal  aa  thay  raault  fron  thaa*  aimilitud* 
eonaidar at iona  t 

(a)  Th*  danaity  of  th*  axploaiv*. aa  wall  aa  that  of  th* 
gaaaoua  product. nuat  b*  th*  aam*  aa  that  of  th*  full  acal* 
axploaiv*. 

(b)  Th*  onergy  of  datonation  par  unit  %Might  muat  b*  th* 
aam*.  Detonation  praaaur*  and  datonation  velocity  muat  b*  th* 

aam*. 

(e)  Th*  ao\ind  velocity  at  each  point  of  th*  laentropic 
axpanaion  curve  muat  be  th*  aam*. 

Sine*  the  sound  velocity  correaponda  to  th*  inclination  of  the 
isentropic  pressuro-denaity  curve,  (c)  is  equivalent  to  the 
requirement  that  the  isentropic  expansion  curve  must  be 
identical  in  the  model  and  the  full  scale.  Hence,  the  thermal 
and  caloric  equations  of  state  of  the  reaction  products  muat 
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b«  th«  ■an*.  Except  for  a  few  special  cases,  these  requirements 
can  be  satisfied  only  by  one  and  the  same  explosive. 

Since  it  is  difficult  to  explode  TNT  in  small  charges,  say 
of  gram  size,  we  have  a  severe  restriction  placed  on  micro¬ 
scale  experiments.  In  such  experiments  only  primary  explosives 
such  as  lead  azide  or  mercury  fulminate  are  usable.  Such 
practical  considerations  make  it  sometimes  difficult  to  satisfy 
the  scaling  requirements.  Fortunately,  the  above  requirements 
for  the  explosive  material  are  not  highly  critical  and  can  be 
approximately  satisfied  by  different  explosives.  However,  it 
is  necessary  to  keep  in  mind  that  tests  %A)ere  different  explosives 
are  used  are  not  scaled  exactly. 

Finally  it  must  al«fays  be  resMnnbered  that  the  cube  root 
scaling  law  accounts  only  for  the  effects  of  the  compressibility 
and  that  all  the  other  effects  listed  in  Table  5.1  are  not  scaled. 
6.3  Application  of  Dimensional  Analysis.  There  are  four  shock 
wave  paraswters  which  are  comtonly  considered  in  underwater 
explosion  research:  the  shock  wave  peak  pressure,  the  time 
constant,  the  shock  wave  impulse,  and  the  shock  wavs  energy. 

We  will  now  derive  similitude  relations  for  these  four  magnitudes. 
Since  the  maximxim  pressure, or  peak  pressure, is  a  function  of  the 
reduced  distance  alone,  we  have 


(6.4) 


^max 


) 


For  nuclear  explosions  the  radiochemical  yield  Y  is  substituted 
for  W.  The  tim  constant  or  the  decay  factor  of  the  wave  is 


I 
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•trictly  speaking  defined  by 
(6.5)  1  .  .  (  2|SE  ) 


or,  if  the  initial  portion  of  the  pressure  history  can  be 
reproduced  by  an  exponential  function^  then 

t-t. 


(6.6) 


P  -  P. 


max 


(tj^  is  the  tine  of  arrival  of  the  shock  front.)  Since  the  time 


constant  has  the  dimension  of  tine,  it  anst  be  proportional 


A/3 


to  W*".  Hence, 
(6.7) 


The  shock  %rave  impulse  is  defined  by 

t, 


(6.8) 


I  ■  J  P(t)  dt  . 


The  lower  limit  holds  for  the  tine  of  shock  wave  arrival  at  the 
point  of  meaaureBmnt  and  the  upper  limit  to  a  time  large  enough 
to  cover  the  essential  part  of  the  shock  wave,  but  not  so  large 
as  to  Include  the  secondary  pulses  ^ich  will  result  from  the 
bubble  pulsations.  The  Impulse  has  the  dimension  of  pressure 
times  time.  Therefore,  the  similitude  expression  .'‘s 


(6.9) 


f3<  ^  > 
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For  not  too  cloao  dlatancoa  froai  tha  point  of  axploaioa  (aay 
It  >  10  A^)  tha  ahock  tMva  anargy  la  glvan  by 


(6.10) 


P*  dt. 


tdtara  la  tha  acouatic  lapadanea  of  watar.  Shock  wava  anargy 

rafara  to  an  anargy  flux,  tharafora,  an  anargy  par  unit  araa  and 
tiaM.  It  haa  tha  dliMnalon  of  praaaura  tlawa  langth  (a.g., 
iaeh*pal) .  Tharafora,  tha  corraapondlng  aiadlituda  aquation  ia 


(6.11)  B  -  fj  (  )  . 

Tha  abova  foz«a  of  tha  aquationa  can  ba  darivad  froai  dijaanaional 
analyaia.  Tha  natura  of  tha  functiona  fj^,  f^,  and  f^  cannot  ba 
dataradnad  by  eonaidaratlona  of  aiadlituda,  i.a.,  tha  acaling 
analyaia  can  navar  provida  tha  functional  ralationahipa  for 
thaaa  fa.  Thla  aaiat  ba  found  aithar  by  axpariaianta  or  by 
thaory.  Por  illuatration,  wa  liat  aucdi  ralationahipa  which  hold 
for  THT  (P^  ~  1.54),  RBX-1  (P^  ~  1.72),  and  nuclaar  axploaiona. 
Data  ara  froa  HAVQRD  Raport  2986  and  froa  Snay  and  Butlar  (1957). 
(Thara  ara  alight  diffaraneaa  batwaan  tha  TUT  ralationa  liatad 
in  thaaa  two  papara.  Thaaa  diffaraneaa  ara  dlacuaaad  in  tha 
papar  by  Snay  and  Butlar;  thay  ara  of  no  aignlflcanca  hara.  Tha 
more  recant  paper  by  Slifko  and  Farley  (1959)  aa  well  aa  that  by 
Thiel  (1961)  showed  again  that  there  are  uncertainties  about  the 
shock  vrave  data.  The  latter  paper  probably  givea  too  low  values 
for  pressure, impulse, and  energy). 


1 


% 


(6.12) 


(6.13) 


(6.14) 


(6.15) 


P  - 
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4  \/%  1»13 

2.16.10  .(W*'VR) 

TNT 

2.48.10^. (W^^^/R) 

HBX*1 

4.38.10®.  ( Vr) 

Nuclear 

0.056.W^/^.  (w^'^^A) 

TNT 

0.055.W^/^.  (W^/^A) 

HBX*1 

1/3  1/3  *0.22 
2.274.Y^'  .(Y^'^^A) 

Nuclear 

1/3  1/3  0.91 

l.SOR.W^'-*.  (W^'^A) 

TNT 

i.eoo.w^/^.  (w^'^Vr) 

HBX-1 

1.176.10^ . Y^/^ .  ( Y^'^^ A)  ° 

Nuclear 

1 .44.10^. (W^^Vr) 

TNT 

3.55.10^  .  (W^-^^/R) 

HBX*1 

3.976.10^.Y^'^^.  (Y^^^A) 

Nuclear 

In  these  equations  the  pressure  is  given  in  psi,  the  impulse  in 

psi'sec,  the  time  constant  in  millisec,>nd  the  energy  in  inch*psi 
2 

or  inch*lb/inch  .  The  charge  weight  W  must  be  inserted  in 
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units  of  lbs,  ths  radiochsnical  ylold  Y,  in  kt,  and  the  distance 
R,  in  ft. 

6.4  Comparison  with  Experiments.  Figures  6.1  and  6.2  show  a 
comparison  of  the  scaling  laws  with  experimental  evidence.  In 
Figure  6.1  tho  peak  pressure  of  the  shock  wave  is  plotted  vs. 
the  reduced  distance  R/A^.  The  data  hold  for  PENTOLXTB,  an 
explosive  particularly  suitable  for  small  scale  studies  because 
of  its  reproducibility  and  reliable  detonation.  Although  tho 
values  have  been  obtained  for  a  wide  variety  of  charge  weights, 
namely,  1/2-lb  charges  up  to  76-* lb  charges,  the  data  fall  on 
the  same  curve  vrithin  the  accuracy  of  such  measurements.  Mo 
systematic  deviations  in  peak  pressure  are  noticeable  for  the 
different  charge  weights.  Hence,  Figtire  6.1  is  a  confirmation 


Figure  6.1 

Similit. 3e  Plot  for  PEOTOLITE 


Based  on  Data  from  Arons- -'snnie-CotterC  1949)  and  Goertner-Swift(1952)  . 


PRESSURE  IN  LBS/IN 


®r»  63-257 


0  JO  20  .30  .40  .50 


♦/W*'*  (MILUSEC/LBS''*) 

Figure  6.2 

Similitude  of  the  Freeeure  History 
(cole  (1948),  page  236^ 

of  the  ecallng  law.  Equally  good  results  are  obtained  for 
Impulse  and  energy  of  the  shoclc  vrave. 

In  Figure  6.2  a  shock  %#ave  pressure  history  is  shown  using 
the  reduced  time  t/W^^^.  The  two  curves  %#ere  measured  at  equal 
reduced  distances  using  charges  of  t%#o  weights,  namely,  51  lb 
and  3.8  lb.  The  graphs  show  that  these  curves  practically 
coincide.  The  small  peak  near  the  reduced  time  0.?2  msec/W^^^ 
is  not  an  Inaccuracy  In  the  measurement.  It  occurs  at  the  same 
reduced  time  and,  therefore.  It  Is  real.  It  is  believed  that 
this  "bump"  Is  caused  by  a  wave  within  the  gaseous  splvere  of 
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•xplosion  product*.  This  wav«  propagato*  initially  towards  tha 
cantor  of  tha  axplosion,  ia  than  raflactad,  movos  outward,  is 
transfflittad  into  tha  wator,  and  appaars  as  a  snail  poak  bohind 
tha  shock  front. 

6.5  The  Effact  of  Viscosity  on  tha  Explosion  Shock  Wave.  As  dis¬ 
cussed  in  Chapter  II  of  this  book,  energy  dissipation  duo  to 
viscosity  is  a  prim*  prarequisit*  for  the  existence  of  a  shock- 
front.  Sine*  Reynolds*  and  Mach's  scaling  ara  incompatible,  this 
point  is  of  particular  interest  her*. 

Tha  effect  of  viscosity  is  predominant  only  within  tha  shock- 
front.  i.*.,  tha  narrow  region  where  pressura,  density,  etc.  under¬ 
go  a  rapid  rise.  The  Reynolds  number  must  be  formed  using  a 
characteristic  length  of  this  region.  If  the  width  of  the  front 
is  assumed  to  be  infinitly  small,  tha  Reynolds  number  becomes 
undetermined  and  one  may  argue  that  it  is  the  same  for  all  shock- 
waves.  Indeed,  tlie  behavior  of  such  a  shockwave  can  be  described 
by  equations  which  do  not  contain  the  viscosity  explicitly, 
compare  Chapter  II  and  IV.  For  instance,  the  peadc  pressure- 
distance  relation  of  such  a  shockwave  is  for  low  amplitudes 

(6.16)  p(R)  ■  pj^7ln  Rj^  /In  R  Rj^/R  , 

where  p^  is  a  reference  pressure  at  the  distance  R^^.  (6.16)  ia 

valid  for  shockwaves  with  an  infinitely  thin  front,  i.e.,  a  sharp 
peak. 

The  width  of  the  shock  front  increases  as  the  shockwave  prop¬ 
agates  into  large  distances.  The  initially  sharp  peak  is  rounded 
and  (6.16)  looses  its  validity.  Figure  6.3  shows  that  the  deviation 
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Figure  6.3 


The  Effect  of  ViMCOsitv  on  the  Underwater  Explosion  Shoch  Wave 


Ccmpaiison  of  Equation  (6.16)  with  experimental  results,  p.  and 
have  been  chosen  so  that  a  good  fit  near  the  10^  psi  level  is 
ootained.  The  graphs  are  from  Snay's  1957  paper  where  data  from 
various  sources,  mostly  from  Arons  and  cowrkers,  ware  used. 


between  (6.16)  and  the  experimental  data  depends  on  the  charge 
weight.  This  is  an  effect  of  viscosity  vdilch  could  spoil  cube 
root  scaling  for  the  long  distance  propagation  of  shockwaves. 
Fortunately,  the  experimental  points  in  both  graphs  of  Figure  6.3 
are  well  represented  by  a  straight  line  which  corresponds  to  r”^* 
(not  shown  in  Figure  6.3) .  This  eliminates  the  effect  of  the 
visccsity.  A  theory  by  Arons,  Jennie,  and  Carter  (1949)  substan¬ 
tiates  this  this  evidence.  It  will  be  discussed  in  Chapter  IV 
of  this  book  that  the  delay  law"  for  TNT  has  been  exper¬ 

imentally  confirmed  for  still  larger  distances  than  those  shown 
in  Figure  6.3  and  that  Snay's  concern  about  a  possible  gauge  size 
effect  was  unfounded. 
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Th«  •xcluslon  of  viscosity  offsets  moans  that  tho  scaling  of 

tho  undorwator  explosion  shock  wave  can  bo  mado  with  an  accuracy 

%dtich  is  quits  unusual  and  raroly  achiovod  in  other  fields  of 

tho  physical  and  onginooring  sciences.  This  will  become  even 

more  apparent  vdien  we  consider  the  effect  of  gravity. 

6.6  Effect  of  Gravity  Upon  the  Shock  Wave.  The  most  obvious 

effect  of  gravity  on  underwater  explosions  is  the  increase  of 
the  hydrostatic  pressure  with  depth.  As  stated,  the  cube  root 
scaling  law  holds  strictly  only  for  explosions  at  equal  depth. 

For  large  shock  wave  pressures  the  relatively  small  differences 
in  hydrostatic  pressure  can  be  ignored  and  the  scaling  rule  can 
be  safely  applied  to  experiments  at  different  depths.  Of 
interest  is  the  case  where  the  shock  wave  from  a  deep  explosion 
propagates  ufMard  into  regions  of  lower  hydrostatic  pressure. 

An  approximate,  but  not  entirely  rigorous  argument  on  this 
situation  was  given  by  Snay  (1959).  It  was  demonstrated  by 
manipulation  of  the  hydrodynamic  equation  that  the  effect  of 
hydrostatic  pressure  is  not  great  because  of  the  small  changes 
of  density  with  pressure,  and  that  cube  root  scaling  can  be 
applied  to  the  excess  pressure  with  fair  accuracy. 

The  effects  of  gravity  and  viscosity  are  commonly  tho 
principal  obstacles  'which  spoil  Mach's,  i.e.,  cube  root  scaling. 
In  the  preceding  paragrapii  and  in  Article  6.5  it  is  shown  that 
these  effects  are  negligibly  small  for  the  underwater  shock  wave. 
Hence,  cube  root  scaling  of  the  shock  wave  is  valid  to  a  surpris¬ 
ing  degree  of  accuracy. 
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6.7  Cavitation.  Whan  an  undatvatar  ahoek  wava  inpingaa  upon 
tha  fraa  iMtar  surfaca,  tha  wava  is  raflaetad  in  tha  form  of  a 
rara faction  wava.  Tha  high  axcaas  praasuras  ara  transformed 
into  equally  large  negative  praasuras  which  interact  with  tha 
incident  wava.  Initially  tha  incident  wava  and  tha  rarefaction 
%#ava  cancel  each  other  so  that  atsuspharic  pressure  results  at 
tha  water  surface.  As  tha  rarefaction  %niva  novas  down  into  tha 
water  significant  negative  pressures  ara  built  up.  Saa  water 
cannot  withstand  a  tension  larger  than  its  vapor  pressure t  it 
begins  to  boil  once  tha  pressure  of  the  rarefaction  wave  falls 
below  this  value.  This  boiling  is  called  cavitation.  It  ''ccurs 
in  almost  all  underwater  explosions. 

Cavitation  is  a  phenomenon  of  evaporation,  and  later,  of 
condensation.  A  glance  at  Table  S.l  shows  that  similitude  of 
such  phenoewna  is  achieved  if  the  Thoma  number  is  equal  for  the 
model  and  the  full  scale  experiment,  i.e.,  if  the  pressure  scale 
factor  is  equal  to  the  scale  factor  for  the  vapor  pressure. 

Since  the  pressure  scale  factor  is  unity  for  cube  root 
scaling,  and  since  this  scaling  rule  is  applied  to  equal  media, 
Thoeia  similitude  is  satisfied.  Hence,  it  seems  that  the  cavi¬ 
tation  process  caused  by  underwater  explosions  can  be  properly 
scaled  by  the  c\ibe  root  law.  However,  tnis  holds  true  only 
if  the  pressure  requirement  of  the  cube  root  law  is  strictly 
enforced,  i.e.,  for  explosions  at  one  and  tha  same  hydrostatic 
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pr**aur«.  This  rsstriction  holds  bscauss  ths  cavitation  procsss 
is  strongly  affsctsd  by  ths  intsrplay  bst%#ssn  vapor  prsssurs, 
anbisnt  prsssurs,  and  shock  %mvo  prsssurs.  Sines  gsomstrlc 
sinilituds  ami  squal  hydrostatic  prsssurs  cannot  bs  rsalissd  in 
field  tssta«  cavitation  phsnomsna  caused  by  ths  shock  wavs  inter¬ 
action  with  ths  water  surface  cannot  bs  reproduced  on  a  snail 
scale  by  explosions  in  ths  open.  Fortunately,  however,  cube  ^ 

root  scaling  is  valid  up  to  the  mcxnent  «rhen  cavitation  begins  ^ 

(Figure  3.2).  Cube  root  scaling  also  holds  for  the  so-called  \ 

1 

anomalous  surface  reflection  (Rosenbaiun  and  Snay  (1953)).  * 

i 

6.8  The  Refraction  of  the  Shock  Wave.  The  water  of  the  ocean 
is  not  homogeneous r  salinity  as  well  as  tenperature  changes  with 
depth.  The  resulting  change  of  the  sound  velocity  produces  a 

i 

refraction  of  the  underwater  explosion  shock  wave.  The  inhesno- 
geneity  is  not  important  for  the  short  ranges  of  conventional  | 

weapons,  but  it  considerably  affects  the  shock  wave  of  nuclear 
underwater  explosions.  The  resulting  refraction  phenomenon  is 
amenable  to  model  testing;  one  needs  only  to  produce  a  geomet¬ 
rically  picture  of  the  salinity  and  temperature  distribution 
in  the  model  scale.  Since  the  principal  factor  in  refraction  | 

is  the  sound  velocity,  a  similar  distribution  of  sound  velocity  | 

I 

in  tha  model  serves  equally  well.  Such  model  tests  have  been 
carried  out  with  success.  For  instance,  the  temperature 
distribution  in  ponds  or  small  lakes  during  the  summer  time 
is  a  crude  small  scale  reproduction  of  the  temperature 
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distribution  of  soms  placss  of  ths  ocsans.  If  HE  taats  ar«  aada 
in  such  pondSf  rssuits  applicabla  to  a  nuclsar  explosion  in  thasa 
spacific  locations  can  ba  obtainad.  On  an  avan  smallar  scala,  it 
is  possible  to  study  tha  ra fraction  of  tha  nuclaar  shock  wava  in 
a  laboratory  tank  whara  tha  watar  is  haatad  in  such  a  way  that  tha 
vortical  sound  valocity  distribution  scales  that  of  tha  ocean. 

6.9  Simulation  of  Nuclear  Explosions.  Tha  lack  of  gaomatric 
similitude  between  HE  and  nuclear  explosions  was  discussed  in 
Article  3.8.  For  a  shock  wave  at  larger  distances,  details  of 
the  geometry  of  the  charge  configuration  are  not  as  important  as 
the  quantity  of  the  energy  released.  Hence,  one  should  expect 
that  nuclear  shock  waves  at  large  distances  have  all  tha  charac¬ 
teristics  of  large  conventional  explosions.  Conversion  factors 
make  a  quantitative  representation  of  nuclaar  affects  by  means 
of  HE  model  teats  possible.  Figure  6.4  shows  as  an  example  tha 
shockwave  peak  pressures  of  conventional  and  nuclear  explosions 
plotted  versus  tha  reduced  distance  using  tha  conversion  factor 
for  TNT.  (Soiircas  not  noted  in  the  figure  are  listed  in  tha 
paper  by  Snay-Butlar  (1957) .) 

It  is  seen  that  the  pressures  are  different  at  close  distan¬ 
ces.  For  illustration  results  of  theoretical  calculations  are 
included  which  show  nuclear  shock  wave  pressures  at  distances  which 
correspond  to  the  inside  of  a  conventional  charge.  (Tha  question 
of  the  agreement  between  theory  and  experiment  is  not  pertinent 

here  and  will  be  discussed  in  Chapter  IV.)  For  laurge  distances, 
the  shock  wave  peak  pressures  of  both  tyx^es  of  explosions  coincide. 
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This  mqx—mmnt  ia  awraly  tha  raault  of  tho  propar  choica  of  tha 
convaraion  factor a.  It  ahowa  that  ahock  wava  phanoawna  froa 
nuclaar  axploaiona  can  ba  aiamlatad  by  maana  of  aaail  acala 
convantiona^.  axploaiva  chargaa  ao  long  aa  abort  rangaa  ara 
axeludad. 

6.10  Shallow  Watar  Propagation.  Thia  caaa  %#aa  awntionad  in 
Artlcla  3.7.  To  auaMarisat  tha  phanoawnon  can  ba  acalad  if  tha 
dapth  of  tha  watar  ia  gaoawtrically  acalad  uaing  tha  appropriata 
langth  acala  factor  for  tha  axploaion.  Tha  bottoai  matarial  mat 
hava  tha  aaaw  coapraaaibility  and  danaity  aa  in  tha  full  acala 
caaa. 

Suaaairv.  Tha  affact  of  coaqpraaaibility  of  tha  Mdiun  ia 
of  priaw  iaiportanca  for  ahock  wavaa  produced  by  axploaiona. 

Banco#  tha  Macdi  aiadlituda  raquiraaiant  mat  ba  aatiafiad. 

In  addition  to  tha  pravioualy  darivad  acaling  criteria «  thia 
yialda  tha  raquiramnt  that  tha  velocity  acala  factor  mat  ba 
unity#  if  tha  aaaw  awdiiua  ia  uaad  in  tha  nodal  and  full  acala 
teata.  Since  thia  inpliaa  equal  danaitiaa,  tho  proaaura  acala 
factor  mat  alao  ba  unity.  Tha  tiaw  acala  factor  turna  out  to 
ba  equal  to  tha  langth  acala  factor. 

Cuba  root  acaling  raquiraa  that  tha  aaaw  axploaiva  nwtarial 
aa  wall  aa  tha  aaaw  aaiblant  and  bounding  awdla  ->  ba  anployad  in 
tha  awdal  and  in  full  acala. 
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Th«  cub*  root  acallng  law  cannot  account  for  tho  affoct  of 
gravity  and  viscosity.  As  discussed  above,  these  two  factors 
are  of  siinor  Inportance  for  the  underwater  explosion  shock  wave 
in  situations  of  sdlitary  Isiportance. 

In  principle,  the  cube  root  law  accounts  for  evaporation 
and  condensation  processes,  but,  for  strict  cube  root  scaling 
the  aid»ient  pressure  snist  be  the  saasi  for  the  full  scale  and 
model  teat.  For  a»at  practical  applications  this  requirement 
can  be  considerably  relaxed,  except  for  the  case  of  cavitation 
caused  by  the  surface  reflection  of  the  shock  wave.  Here,  the 
requlresMnt  of  equal  hydrostatic  pressure  must  not  be  ignored, 
since  it  precludes  field  model  tests  which  quantitatively 
describe  the  closure  of  cavitation. 

Cub*  root  scaling  is  applicable  to  the  refraction  of  the 
shock  tn-.v*  by  V  nhoangenelty  of  the  ocean  and  to  shallow 
water  s^ock  wa  jpagation,  if  proper  slmilitf'd*  of  the  test 
arrangiHmsnt  is  observed. 
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vxx.  saa^Ma  or  tkb  uMDemc.Tk^  bxplosxom  bubblb 
7.1  Effect  of  Gravity.  Xf  w*  about  tha  affact  of  gravity 

on  undarvatar  axploaion  phanoaana.  wa  actually  rafar  to  tha 
hydroatatic  prassura  and.  in  particular,  to  tha  changa  of  tha 
hydroatatic  praaaura  with  dapth.  Tha  tara  "gravity  affact"  ia 
CO— only  uaad.  bacauaa  gravity  in  ganaral  ia  an  important  aubjact 
in  hydrodynamics  and  in  scaling.  Bowavar.  tha  raadar  —y  vary 
wall  kaap  in  mind  that  this  tarm  rafars  to  tha  affact  of  tha 
hydroatatic  prassura  and  to  tha  affact  of  buoyancy. 

Buoyancy  is  a  phano— non  tdiich  diractly  rasulta  from  gravityt 
Buoyancy  is  a  consaguanca  of  tha  incraasa  of  tha  hydroatatic 
prassura  with  dapth.  Xf  tha  prassura  is  intagratad  ovar  tha 
surfaca  of  a  sub— rgad  body,  a  rasultant  forca  is  6btainad|  this 
ia  tha  buoyancy.  Thara  would  ba  no  buoyancy,  if  tha  hydrostatic 
prassura  around  tha  body  wara  constant. 

Xn  an  undarwatar  axplosion  tha  pulsating  bubbla  is  strongly 
affactad  by  gravity.  This  bubbla  contains  tha  raaction  products 
of  a  chamical  axplosiva.  or  staam  in  tha  casa  of  a  nuclaar 
axplosion.  Tha  bubbla  pulsataa  ralativaly  slowly  (Colas  (1948). 
Snay  (1956)}  and  craatas  a  larga  cavity  which  is  subjected  to 
buoyancy. 

Tha  affact  of  gravity  on  a  pulsating  bubbla  is  two-fold. 

It  produces  an  uiward  motion  of  tha  bubbla  canter  -  tha  so-called 
gravity  migration.  This  adgration  is  nothing  more  than  tha 
obvious  effect  of  buoyancy.  The  second  effect  is  the  change  of 
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eh«  bubbl*  ahap*.  Sine*  th«  bubbl*  is  not  a  rigid  body  ths 
prossurs  diffsrsncoa  bstwssn  bubbla  top  and  botton  will  dsfona 
th«  originally  sphorieal  bubbla.  It  has  baan  found  fro«  aiodal 
taata  that  tha  bubbla  ratain*  its  spharieal  shapa  wall  bayond 
tha  awBMnt  of  tha  aiaxisnai  bid>bla  axpansion.  (This  holds  for  HE  as 
wall  as  nuclaar  axplosion  bubblas.)  Howavar»  whan  tha  bubbla 
contracts,  tha  affaet  of  gravity  bacoiaaa  apparant.  Tha  contrac¬ 
tion  of  tha  bubbla  is  affactad  by  tha  asibiant  prassura  which  is 
(for  momt  of  tha  pulsation  tiai4  highar  than  tha  prassura  of  tha 
gas  or  vapor  within  tha  bubbla.  Tha  bubbla  botton  is  puahad  moxm 
strongly  inward  than  tha  top  bacauaa  of  tha  graatar  hydrostatic 
prassura.  Tha  bubbla  is  flattanad.  ths  lowar  intarfacs  swings 
into  tha  bubbla  intarior.  and  finally  collidas  with  tha  uppar 
bubbla  intar faca.  Tha  atrangth  of  tha  migration  and  tha  datails 
of  tha  changa  of  shapa  dapand  on  tha  langth  of  tha  tins  during 
idiich  buoyancy  is  affactivo. 

Bacausa  of  tha  pulsations  of  tha  bubbla.  its  buoyancy  is 


transient.  For  small  explosions  in  daap  water  tha  period  of  tha 


bubbla  pulsation  is  short  -  only  fractions  of  a  second.  In  such 
a  short  time  buoyancy  cannot  become  affactiva;  this  is  much  like 
tha  case  of  a  heavy  body  released  in  the  gravitational  fields 

4 

It  does  not  move  far  in  tha  initial  sKxaanta.  Sisdlarly,  bubbla 
migration  is  small  if  tha  bubble  period  is  short.  The  other  fbetor 
affecting  tha  bubbla  is  tha  difference  of  tha  hydrostatic  pressure 
between  tha  bubbla  top  and  bottom.  For  instance,  a  1-lb  charge  ^ 

exploded  at  500  ft  produces  a  bubbla  of  0.6  ft  radiust  thus, the  i 
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pr«aaur«  diffaranca  at  tha  noaant  of  mmxiaam  axpanaion  la  1.2  ft 
of  watar.  Por  nuelaar  axploaiona  tha  prasaura  diffaranca  batwaan 
bubbla  top  and  bottoai  may  aaount  to  achaathing  Ilka  1,000  ft  of 
watar.  Xn  tha  flrat  caaa  tha  affact  of  gravity  la  aaiall,  wharaaa 
In  tha  othar  caaa  gravity  auat  ba  axpactad  to  produca  profound 
changaa  In  tha  bubbla  bahavlor. 

7.2  Bubbla  Scaling  of  Small  Charaaa  In  Daap  Watar.  If  tha 
axploalva  charga  la  aaall  and  tha  dapth  of  axploalon  groat,  tha 
affact  of  gravity  la  not  algnlflcant.  aa  dlacuaaad  abova.  If 
wa  Ignoro  tha  affact  of  gravity  antlraly,  tha  cUba  root  sealing 
law  la  appllcabla  to  tha  pulsating  bubbla.  Ho  furthar  alabora- 
tlon  la  naadad  In  vlaw  of  tha  praeadlng  dlacusslona  eoncornlng 
tha  shock  wava.  Tha  Cuba  root  scaling  law  will  ba  racognlaad  In 
tha  two  foraulaa  for  tha  bubbla  paraaotars  <8. 2a  and  b)  glvan  In 
Artlela  8.1  whan  appllad  to  condltlona  of  oqual  dapth. 

7.3  Tha  Scaling  of  Gravity  Effects  for  Ondarvatar  Explosion 
Bubblaa.  Por  largo  bubbles.  In  particular  for  those  fron  under¬ 
water  nuelaar  axploaiona,  gravity  cannot  ba  Ignored.  A  glance 

at  Table  5.1  and  a  slapla  attaapt  to  obtain  tha  scaling  conditions 
will  convince  tha  reader  that  It  la  not  possible  to  satisfy  Mach's 
and  Proudo’s  slallarlty  roqulreawnts  slaultanooualy.  Howavar, 
one  may  Ignore  tha  affact  of  coapraasiblllty  and  try  to  nodal 
only  tha  phanonana  caused  by  gravity. 

Obviously,  tha  neglect  of  coaiprasslbllity  is  a  rather  serious 
onlsslon  for  explosion  phanonana.  However,  an  a  crude  approxina- 

tlon  one  can  assuaw  that  tha  bubbla  phanonana  are  not  affected  by 
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co«pr«aaibility.  Thia  aaauaption  do«a  not  hold  for  th«  aioaiont 
whan  tha  bubbla  atarta  to  axpand  or  whan  it  contracta  to  ita 
aiiniaiuai.  but  it  ia  a  rathar  good  approxiaiation  for  tha  ralativaly 
long  intaraadiata  tiaa  of  tha  pulaation  whara  tha  praaaura  inaida 
tha  bubbla  ia  low. 

According  to  Tabla  5.1  Prouda‘a  aiailarity  raquiranant  laada 
to  tha  following  ralationship  batwaan  langth  aca.la  factor  and 
tiaM  acala  factor 

(7.1)  X  •  T^.g  . 

Hara.  g  ia  tha  acala  factor  of  tha  accalaration  of  gravity, 
uaually  g  •  1.  (7.1)  could  ha**a  also  baan  obtainad  by  conaidara- 

tion  of  conaiatant  aiailituda:  Tha  acala  factor  for  accalaration 
■uat  ba  tha  aaaa  for  all  accalarationa  of  iaportanca  to  tha 
phanoBwnon.  In  tha  praaant  caaa  this  Includas  tha  accalaration 
of  gravity. 

fron  Tabla  3.1  wa  ^tain 

(7.2a)  Valocity  acala  factor  a  - 

(7.2b)  Praaaura  acala  factor  TT«(p*P"Xgp 

(7.2c)  Enargy  acala  factor  e«ni^«X^gp  . 

In  Boat  caaaa  p  >  1  and  g  ■  1. 

Tha  raault  that  tha  praaaura  acala  factor  n,  (7.2b).  ia 
equal  to  tha  langth  scale  factor,  for  g  ■  1  and  p  "  1  (7.2b). 
reflects  the  iaportant  situation  that  the  hydrostatic  pressure 
increases  with  depth  and.  therefore,  ia  proportional  to  a  length. 
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This  ruls  must  b«  applisd  to  all  other  pressures  of  importance. 

For  instance,  the  detonation  pressure  should  be  reduced  propor> 
tionally  to  the  length  scale  of  the  modal  teat.  Also,  as  will 
be  seen,  it  is  of  particular  importance  to  reduce  the  atmospheric 
pressure  above  the  water. 

If  we  apply  (72c)  to  the  energy  of  the  explosive  charge  and 

assume  that  the  energy  of  the  explosive  per  unit  weight  is  the 

same  for  the  model  and  the  full  scale,  we  see  that  for  g  ■  1  and 
pal  the  length  scale  factor  is  proportional  to  the  fourth  root 
of  the  charge  weight  W  for  HE  or  to  the  fourth  root  of  the  yield 

Y  of  a  nuclear  explosion.  We  have  here  derived  the  **  fourth  root 

scaling  law"  for  explosion  phenomena  which  are  affected  by 
gravity.  The  impossibility  of  consolidating  the  scaling  of 
shock  wave  and  bubble  phenoaiena  into  one  single  law  ii'  .learly 
apparent:  Similitude  of  shock  wave  phenoaiena  with  respect  to 
the  water  surface  requires  that  has  the  same  valar  for 

the  full  scale  and  model  test;  for  similitude  of  the  bubble,  it 
is  W^^^/D.  However,  the  latter  magnitude  alone  does  not 
establish  complete  similitude. 

In  contrast  to  most  scaling  laws,  like  those  of  Reynolds. 
Mach,  HoiAinson.  etc.,  not  one.  but  two  characteristic  magnitudes 
anist  have  the  same  value  for  model  and  prototype  if  similitude 
of  the  bubble  behavior  is  desired.  These  two  characteriscic 
magnitudes  must  reflect  the  requirements  ri  m  i.g  p  and  «  «  g  p. 
Hence,  the  complete  similitude  requirement  is  that  the  magnitudes 
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o 

■ust  haw  tha  aana  valua  for  tha  full  acala  aa  for  tha  modal. 

Hara.  P  is  a  charactarlstic  prasaura.  Sinca  Oubbla  phenonana 
o 

dapand  on  tha  hydrostatic  prasaura,  wa  choosa  tha  static  prassura 
at  firing  dapth  for  P^.  Than. 

^  -  '.ir  *1  >0  . 

whara  absoluta  prassura  of  tha  air  abova  tha  watar. 

Using  seals  factors,  tha  fourth  root  scaling  nils  taXas  tha 
form 

(7.5a)  X  -  ^ 

D 


* 


(7.Sb) 


^  ’  .  ‘%lr  »»>  9  > 

'o  «»  »«  <%tr  ♦  9  »  »>  ». 


% 

k 


(7.5c) 


W„g  p 


CiT? 
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i 

1 


! 


* 

j 


3 


Zn  laosc  casaa  g.  g.  as  wall  as  p,  p_  ara  tha  sama  and  can  ba 
cancallad.  (7.5b)  and  (7.5c)  hold  only  if  tha  sama  axplosiva 
is  usad  in  tha  modal  tsst  as  in  tha  full  seals  test  and  if  there 
are  no  factors  vrhich  spoil  similitude,  such  as  the  walls  of  a 
tatJc  or  boiling  on  the  bubble  interface.  For  nuclear  explosions 
tha  HE  charge  weight  W  may  ba  replaced  by  the  yield  Y.  In  this 
case  the  scaling  rule  is  only  applicable  to  two  nuclear  explosions 
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of  difforont  yiolda.  An  axtonaion  of  thia  rula  which  can  ba 
B»ra  ganarally  appliad  will  ba  txaatad  in  tha  naxt  chaptar. 

RaquiraaMnt  (7.5a)  aaauraa  gacoMtric  aiaiilituda  of  tha 
bubbla  with  raspact  to  tha  watar  aurfaca.  In  tha  Sana  way,  X 
aniat  ba  appliad  to  any  othar  linaar  diaMnaion  for  %dtich  gacaatric 
aiailituda  ia  important. 

Zt  ia  obviona  that  tha  raquiraaant  (7  3  b)  cannot  ba 
aatiafiad  for  axploaiona  in  tha  opan,  \Axmtm  and  g  ara 

tha  aaaa  for  tha  aMdal  taat  and  tha  full  acala.  In  tha  sama  way 
tha  tMo  raquiraaanta  (7.3)  ara  incoaipatibla.  Howavar,  if  tha 
aodal  taat  ia  conductad  undar  a  proparly  raducad  air  praasura  ao 
that  i'*  raducad  proportionally  to  D,  i.a.  by  tha  langth 

acala  factor  i,  thaaa  critaria  can  ba  aatiafiad.  Zt  aaama  that 
thia  idaa  waa  firat  concaivad  by  O.  Z.  Taylor  and  M.  R.  Oaviaa 
(1943). 

Ona  may  conaidar  tha  poaaibility  of  making  aodal  axploaion 
taat a  in  a  aountain  laka  at  a  graat  height.  All  lakaa  aui table 
for  thia  purpoaa  ara  nowhere  near  tha  altitude  which  %rould  ba 
necaaaary  for  acaling  axploaiona  of  military  intaraat.  Tha 
praaa'ira  muat  ba  raducad  to  auch  a  low  value  that  only  a  cloaad 
laboratory  taat  tank  will  suffice. 

Tha  other  poaaibility  which  ia  technically  feasible  is  to 
vary  g.  This  may  be  done  in  a  laboratory  teat  tank  which  ia 
subjected  to  a  high  acceleration  during  the  explosion.  Several 
types  of  such  a  tank  have  been  proposed,  (Snay  1951  and  1959) . 
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At  th«  pr«s«nt  ti««  •  tank  nountad  on  a  cantrifuga.  tha  ao-callad 
high  gravity  tank,  is  in  oparation  at  tha  Haval  Ordnance 
Laboratory. 

7,4  Intarpratation  of  tha  Scaling  Criteria.  Tha  aaaant..r. .il  'Mint 
of  gravity  scaling  is  to  assure  that  there  is  aiadJituda 
buoyancy  and  of  those  affects  %diich  causa  a  change  in  bubble 
shape.  Such  siadlituda  raquiraa  aisdlar  pressure  diatri>.’-'t  .one 
in  tha  water.  \ 

Figure  7.1  shows  tha  total  hydrostatic  prassura  as  a  function  ^ 
of  depth.  Consider  a  full  scale  explosion  in  a  depth  of  66  ft  of  \ 

t 

sea  water  and  a  lilO  nodal  test,  also  in  sea  water.  Since  X  m  0.1, 

the  firing  depth  of  the  amdel  is  6.6  ft.  (For  siaplieity  the 

pressures  are  plotted  in  ataospheres.  One  atmosphere  equals 

33  ft  of  sea  water.)  For  the  full  acale  test  the  pressure  at  | 

the  water  surface  is  one  atmosphere  and  at  the  firing  depth  ^ 

3  atm.  I 

For  the  B»del  test, the  pressure  at  the  water  surface  is  ^ 

again  1  atm,  but  at  firing  depth  ia  1.2  atm.  Meither  the 
pressure  increase  in  the  water  nor  the  pressure  distribution 
versus  depth  are  similar  to  the  full  scale  test.  However, 
similitude  can  be  obtained  if  the  model  test  is  performed  in  a 
closed  test  tank  under  reduced  air  j^mssure.  Zf  in  our  example 
the  air  pressure  is  reduced  by  1/10,  the  pressure  at  tha  water  .  < 

surface  is  0.1  atm  and  at  the  firing  depth  0.3  atm  which  is  a  .  * 

3tl  increase,  exactly  as  for  the  full  scale.  It  is  also  seen 
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IncraaMd  t«nfold«  th«  pr««aur«  diffaranc*  batwaan  watar  aurfaea 
and  point  of  axploaion  will  not  ba  0.2  ata,  but  2  ata«  tha  aaaM 
aa  in  tha  full  acala  taat.  (Tha  air  praaaura  ia  not  affactad 
by  tha  accalaration.)  Tha  praaaura  in  tha  watar  again  incraaaaa 
by  3tl  and  it  ia  raadily  aaan  that  tha  ralation  (7.5b) 

!■  L!o- 

I 

ia  aatiafiad. 

Figura  7.1  ahowa  tha  poaition  of  tha  bubbla  maxinur  with 
raapact  to  tha  undiaturbad  watar  aurfaea.  GaoaMtric  ainilltuda 
of  thia  configuration  ia  an  <Avioua  raquiramant.  It  ia  obt«inad 
by  raducing  tha  firing  dapth  by  tha  langth  acala  factor  X.  (If 
tha  charga  %«alght  of  tha  axidal  ia  datarminad  by  (7.5c).  tha 
aMxiBKwi  bubbla  radiua  will  ba  raducad  by  X.)  It  followa  £rom 
tha  aimilituda  of  tha  praaaura  plota  and  of  tha  bubbla  configura- 
tiona  (Figura  7.1)  that  ^F/P^.  naiaaly  tha  praaaura  diffaranca 
batwaan  bubbla  top  and  bottom  divided  by  tha  absolute  praaaura 
at  tha  canter,  is  equal  in  both  cases.  Tha  qualitative 
discussion  in  Article  7.1  indicated  that  tha  pressure  diffaranca 
f  AP  is  raaponsibla  for  the  change  of  shape  of  tha  bubble.  It  is 

now  seen  that  correct  scaling  requires  equality  of  AP/P^  for  tha 
*  s»dal  and  full  scale. 

I 

So  far  only  tha  hydrostatic  pressure  has  been  corsldered. 
Siaiilitude  of  the  pressure  within  the  bubble  during  the  pulsation 
must  ba  satisfied  by  further  criteria.  The  sKJSt  general  one  is 
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th«  r«quir«Mnt  that  all  praaauraa  connactad  with  tha  axplosion 

procass  mat  ba  raducad  by  tha  praesura  scala  factor  n.  Thus, 

tha  aodal  tast  in  tha  raducad  pcasaura  tank  raquiras  a  diffarant, 

waakar  axplosiva  than  that  usad  in  tha  full  scala.  For  tha  high 

gravity  tank,  in  principla,  tha  saaa  axplosiva  as  in  tha  full 

scala  can  ba  usad  if,  as  in  our  axaapla,  no  raduction  of  tha  air 

prassura  is  naadad,  hanca  if  n  ■  1. 

It  is  dasirabla  to  axprass  tha  raguiranant  of  tha  prassura 

raduction  for  tha  axplosiva  in  tans  of  tha  faxiliar  axplosion 

parasMtars.  This  will  ba  dona  in  tha  naxt  saction,  but  it  is 

possibla  to  obtain  som  insight  without  calculations! 

daoastric  sisdlituda  of  tha  bubbla  configuration  with 

raspact  to  tha  watar  surfaca  ssast  pravail  not  only  for  tha 

■osisnt  of  tha  bubbla  siaximsi,  but  for  avary  othar  iwxBant  of  tha 

I  pulsation.  This  is  tha  casa  if  A(t)/A^^^  hava  aqual  valuas  for 

I  aodal  and  full  scala  at  hoaologous  tisMS.  rigura  7.2  shows  tha 

radius-tisM  cum  in  such  a  diaansionlass  fon.  Tha  sisdlituda 

raquiraaant  is  satisfiad,  if  a  curva  of  this  typa  is  idantically 

tha  aasw  for  tha  aodal  and  tha  full  scala  tasts.  Tha  figura 

illustratas  a  situation,  oftan  ancountarad  in  tha  raducad  • 

prassura  taiik,  whara  tha  bubbla  ainiaua  doas  not  comply  with 

this  raquiraasnt  of  siailituda  although  tha  bubbla  ■axisnia  doas.  | 

•  i 

This  is  bacausa  tha  prassura  critaria  for  tha  axplosion  products 


ara  not  satisfiad.  It  %rill  ba  saan  balow  that  tha  alsnst  obvious 
sisdlituda  raquiraaant 


In  fact  rafara  to  tha  slnllituda  of  tha  axploaion  praaauraa 


Plgura  7.2 

Kaducad  Radlua-Tliw  Curvaa  for  Ondarwatar  Bxploalon  Bubblaa 


For  slailituda.  tha  curvaa  rafarring  to  full  acala  and  nodal 
■uat  colncida.  Tha  curvaa  llluatrata  a  violation  of  this  raquira* 
a«nt  naar  tha  bubbla  niniauai*  i.a.«  tha  casa  whara  tha  scaling  of 
tha  bubbla  sdnisRiai  ia  ignorad.  Tha  dashad  curva  rafars  to  tha 
nodal  condition.  Tha  first  bubbla  pariod  T  is  usad  for  tha 
charactaristic  tins.  Thus,  whan  tha  raducad  tina  bacoaws  unity, 
tha  Bwsnt  of  tha  first  bubbla  ninisnin  is  raachad. 


7.5  Suwnarv.  Tha  pulsating  gas  bubbla  producad  by  undarwatar 
axpiosions  ia  affactad  by  gravity.  It  causas  an  upward  nigration 
of  tha  bubbla  and  ivubstantial  changas  of  tha  bubbla  shapa.  Tha 
affact  of  gravity  cinnot  ba  scaled  sianiltanaously  with  tha  affSct 
of  conprassibility.  Fortunataly.  bubbla  pulsation  doas  not 
dapand  strongly  on  conprassibility  for  tha  najor  portion  of  tha 
duration  of  each  cycla.  Ignoring  tha  affact  of  conprassibility. 
gravity  can  ba  scalad  in  a  raducad  praasura  tank  or  an 
accalaratad  tost  tank. 


I. 

( 

j 
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For  gravitational  aiioilltuda  tha  two  magnitudes 


ft/gglY*  ,„a  (w/qp)  gp 

D  *'o 

must  hava  tha  same  valua  for  the  full  scale  as  for  the  nodal. 
(The  symbols  are  explained  in  tha  preceding  text.)  These  two 
requiraments  are  the  basis  of  the  fourth  root  scaling  law.  The 
first  of  these  assures  geometric  similitude  of  the  bubble  with 
respect  to  the  water  surface.  Such  similitude  must  prevail  not 
only  for  the  sioment  of  bubble  Biaxlmum«  but  for  every  moment  of 
the  bubble  pulsation.  The  second  requirement  assures  similitude 
of  the  pressure  difference  between  bubble  top  and  bottom,  hence 
similitude  of  buoyancy. 

These  requirements  can  also  be  formulated  as  follows t 
The  magnitude 

gpD  .  gpD 
**0  ^ir 

must  have  the  same  value  for  both  the  full  scale  and  the  model 

tests. 

In  a  resting  tank  filled  with  water,  g  and  p  are  the  same 
as  in  the  full  scale.  The  scaling  requirement  can  be  satisfied 
by  changing  (reducing)  the  air  pressure  above  the  water.  In  an 
accelerated  tank  either  g^  alone  or  g^  and  ^  can  be  used  to 

satisfy  the  scaling  requiremsnts. 
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VZXZ.  OBTAZLBO  AlttLYSZS  OF  BUBBUt  SCALZm 

8.1  Elaboration  of  th<  Fourth  Root  Scaling  Rul».  Zn  this  para¬ 
graph  a  datailad  analysis  of  gravity  scaling  will  ba  givan.  To 
this  and  Frouda's  ntad>ar  will  ba  avaluatad  in  a  nora  quantitativa 
way.  Wa  usa  tha  following  fom  of  tha  Frouda  nua^r 

(8.1)  F  a 

This  nagnituda  anist  hav«  tha  sasM  valtia  for  tha  nodal  tast  and 
tha  full  seals  condition  at  avary  ■osiant  during  tha  procass  of 
intarast.  For  tha  charactaristic  langth  ona  nay  dioosa  tha 
radius  of  tha  bubbla  and  for  tha  charactaristic  tins  tha  sonant 
whan  this  radius  occurs.  Equality  of  tha  Frouda  nuahar  nust  ba 
assurad  at  aach  nonant  of  tha  pulsation.  Basically  tha  sana 
approach  is  to  satisfy  tha  Frouda  nuadbar  only  for  ona  noawnt 
and  aaka  aura  that  gaonatrical  and  dynaaic  simllituda  is  prasant 
at  all  othar  aneiants.  Wa  will  follow  tha  lattar  possibility 
and  choosa  for  tha  charactaristic  langth  tha  maxinnuB  bubbla 
radius  and  for  tha  tlaia  tha  first  pariod  of  tha  pulsation  T 

which  is  twice  tha  tisn  whara  occurs.  (Tha  factor  "2"  will 

cancel  later.)  Tha  t%fo  nagnitudes  A^  and  T  ara  given  by  tha 
following  aquations  (HAVORD  Report  2986.  Snay-Coartnar-Prica 
(1952),  Snay  (I960)): 


Charactaristic  Length 

Accalarathon  of  Gravity  (Charactaristic  Tina) 
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„l/3  ,  ^1/3 

(8.2.)  -  J  -JTJ  -  J  ^ 


(8.2b) 


T  - 


T  • 


»  ***»»  j.  ^ 

»p75 


lax  ^ 


*  pTS 


(l-e,  ♦  c 


'1  D 


Nax  ) 

2  "H  '  ’ 


wfaar* 


Nax 

T 

J 


J' 

X 


K 


# 


■aximui  bubble  radius  In  ft 

first  bubble  period  In  see 
radius  coefficient  for  HB 

12.6  ft^^Vlb^''^  for  TBT 

14.4  ft^/Vlb^'^^  for  HBX-1 

9.29  for  Lead  Azide 


radius  coefficient  for  nuclear  explosions 
1500 


period  coefficient  for  HB 

4.36  sec  ft®''Vll»^^^  for  TBT 

4.97  sec  ft^'^Vlb^^^  for  H8X-1 

3.18  sec  ft^-^Vlb^"^^  for  Lead  Azide 

period  coefficient  for  nuclear  explosions 
515  sec  ftV6/jttl/3* 


*  ^ese  values  given  by  Snay  (1960)  are  obviously  rounded  in  view 
of  the  uncertainties  of  the  data.  If  the  yield  of  Test  Wigwasi 
%irould  have  been  32  kt  (which  is  not  certain),  x'  ■  516.3  %n>uld 
give  the  measured  period,  provided  the  surface  and  botten  effects 
are  ignored (which  is  appropriate  in  this  case).  With  J/X  ■  2.89. 
which  holds  for  TNT,  the  radius  coefficient  for  a  nuclear 
explosion  is  j'  >  1492. 


W  ■>  ch«r9«  w«l9ht  in  lb 
Y  B  radiochnmlcttl  yiald  in  kt 
Z  B  absolute  hydrostatic  |u:«ssura  at  depth 
of  explosion  in  ft 
B  P^gp 

O  B  depth  of  explosion  in  ft 

H  B  height  of  explosion  above  the  sea  bed  in  ft 
Cl  2  *  correction  factors 

CoBMonly,  J  and  K  are  called  the  radius  and  period  constants^ 
respectively.  Although  these  magnitudes  are  essentially  constant 
for  one  and  the  same  explosive,  it  will  be  seen  in  Article  9.1 
that  the  designation  "constant**  is  not  entirely  appropriate. 
Bence,  we  will  use  the  term  "coefficient**  in  this  paper. 

The  last  term  in  the  equation  for  T  accounts  for  the  effect 
of  the  water  surface  and  of  the  bottom  of  the  sea.  The  factors 
Cj^  and  C2  very  between  0.1  and  0.2,  (Theory  yields  the  value 
B  0.2  and  Indicates  that  higher  order  terms 
be  considered  for  accurate  calculations.  For  rough  calculations 
B  0.2  is  appropriate;  however,  in  scxne  cases  lower  values  for 
appeared  to  be  preferable.)  Accurate  numerical  values  are 
not  needed  for  the  scaling  analysis,  since  the  correction  terms 
for  surface  and  bottom  cancel  if  there  is  geometric  similitude. 
Smm  experimental  data  indicate  a  dependency  of  and  C2  on  the 
charge  weight.  Such  evidence  would  mean  that  the  surface  and 
bottom  effects  depend  not  only  on  the  geonmtric  configuration. 
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bat  also  on  gravity,  l.a.  on  tha  Prouda  nuabor.  Again,  tha 
eorractlon  taxas  cancal.  If  thara  la  axact  alallltoda.  Por 
approxlaata  aiadlltuda.  tbasa  tana  do  not  cancal  Idantically. 
but  ^ould  hava  llttla  influanca  If  tha  approxlaata  acallng  la 
accaptabla  at  all. 

Tha  qaastlon  aa  to  «diathar  a  aurfaca  or  bottoa  eorractlon 
tan  la  naadad  for  tha  ■aviaw  bubbla  radlua  haa  not  baan  aattlad 
at  tha  tloM  of  thia  %rrltlng.  Aa  dloeaaaad.  thla  qaaatlon  la  of 
llttla  iaiportanca  for  tha  parpoaa  of  acallng. 

Strictly  apaaklng.  tha  fonulaa  for  tha  ■axini  bubbla  radlua 
and  for  tha  parlod  (8.2)  hold  for  aaa  watar  only  (load  asida 
axeludad) .  Tha  hydroatatlc  haod  Z  la  aaaaurad  In  unlta  of  foot 
of  aaa  watart  Z  <■  33  ft  D«  uhara  33  ft  la  tha  ataoafharle 
I»raaauro  In  thaoa  unlta.  Zt  la  cooaon  practlca  to  uaa  tha  aaaw 
ralatlona  for  fraoh  watar  aaraly  by  aubatltutlng  34  ft  for  tha 
ataoapharic  hard.  Thla  approach  la  not  antlraly  corract.  but 
doaa  not  laad  to  aarloua  arrora.  Slnca  aodal  taata  In  flulda  of 
oubatantially  dlfforont  danaltlaa  nay  ba  contaaplatod.  aora 
rlgoroua  ralatlona  ara  of  Intaraat  hara.  According  to  tha 
‘'claaalc'' bubbla  thaory  (cootpara  Snay-Chrlatlan  (1952))  tha 
folloMlng  aquatlona  hold  for  a  bubbla  puloatlng  In  fxmm  watari 


(8.3) 


a  .  r  1.  2b 

*Max  \  jf  ^  ' 

o 


(8.4) 


T  -  r  1-  iia  ( i£_ 

^  V  4it  >  V  2P_ 


1/2 


2P,  J  ^ 
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B«r««  is  ths  dlasnslonlsas  BaxlmaB  bubbls  radius,  t,  ths 
diasnsionlsss  psriod,  and  Q^,  ths  bubbls  snsr9y*whieh  is  propor¬ 
tional  to  W.  Coapariaon  with  (8.2a)  and  (8.2b)  shows  that  Z 
rsprsssnts  ths  absoluts  hydrostatic  prsssurs  P^  and  that  ths 
■agnituds  watar  i>««n  absorbsd  in  J  and  K.  Bsncs,  for  a 

convsrsion  of  (8.2)  froa  ssa  watsr  to  frssh  watsr,  ons  should 
sst 


(8.5) 


frssh 


«  33  ft  ^  H  O 


ssa 


'frssh 


-/¥ 


ssa 


or  altsrnativsly 


(8.5a) 


Z  -  34  f  t  O 

r  34 

^frssh  -  C  31  )  ^ssa 
^frssh  •  C  33  *ssa  * 


\ 


i 


In  (8.5)  Z  is  asasursd  in  fsst  of  ssa  watsr,  in  (8.5a),  in  fast 
of  frssh  watsr.  In  both  casss  ths  tacit  assuaption  is  nads  that 
Og/W,  a^,  and  t  ars  not  affsctad  by  a  changs  of  the  fluid  density. 
Littls  is  known  about  this  effset  today,  but  it  is  probably  of 
ainor  ii^ortancs. 

*  Somstlnws  designatsd  by  E  or rQ. 


tt»k 


-I 


wkC • -"Jt* 
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BoMvvr*  %rill  rataln  th«  factor  of  X  In  tho  scaling 

analysis*  so  that  nodal  explosions  in  oil*  narcury*  ate.  ara 
eovarad. 

Introduction  of  into  (8. 2b)  yields  with  (8.2a)  for  the 

Frouda  nusbar 

-  Naat  _  1  ?o  2 _  *J»2  r,  _  ^  ^  *Hax  V* 


ram  -  1  g  *j.a  □‘£2  4.-  V 

(8.8)  f  -  “  g  P  'x*  V-®1  “d  ♦  ®2  T*  >>  • 


Xf  «a  aquata  the  Frouda  ousters  fOr  the  nodal  and  the  full  scale 
and  if  there  is  gaonatrlc  siadlituda  of  the  bubble  with  respect 
to  tho  water  surface  and  to  the  bottom  of  the  sea  the  surfhee 


and  bottom  correction  terms  cancel.  Also*  the  ratio  P^/P^g^  ean 
be  omitted.  Finally*  the  factor  4  would  cancel  if  we  had  used 
T/2  instead  of  T  in  (8.8) •  as  discussed  on  page  85. 

The  following  relationships  express  geomstric  sisdlitude 


of  the  bobble  with  respect  to  the  water  surface  and  bottom  and* 


further*  Frouda* s  sinilitude  for  the 


pnt  of  tho  bubble 


X  • 


Nax 

Vax 


•  j  ^WYzJ 


(8.9) 


-  Ji  ^  -  c  P  “n  **n  "  Y 

D  -  i-  -  ifp;2"  ^377^ 

-  c^r. 


r 


m.  «!<— 'lull! mil 


In  (8.9)  Froud«'a  nuabar  haa  baan  appllad  to  tha  aMMnt  of 
tba  axpanalon  of  tha  bubbla.  Strictly  spaaking,  tha  oaaM 

auat  ba  dona  for  any  othar  noaiant  of  tha  flrat  and  aubaaquant 
pulaatlona.  Wa  %d.ll  noi#  darlva  tha  crltarlon  for  siailituda  at 
tha  firat  bnUala  ainlaua.  It  will  ba  aaan  in  Articla  8.2  that 
aiailituda  at  tha  bubbla  aariaua  and  adniaua  aufficaa  to  aaatira 
aiailituda  at  all  othar  aoaanta. 

Gaoaatrio  aiailituda  at  tha  bubbla  ainiaiua  ia  aatabliahad  if 

(8.10)  /  Nux  \  (  Nax  \ 

I  ^^in  4  “  Wn  ^ 


Coabination  of  (8.10)  with  (8.8)  will  iaaadiataly  aaaura  Frouda'a 
aiailituda  at  tha  ainiaua.  (In  contrast  to  (8.8) ,  T  now  rafars 
to  tha  actual  tiaa  whan  tha  ainiaua  occurs.) 

Tha  aisa  of  tha  bubbla  at  tha  ainianaa  is  strongly  affactad 
by  gravity.  In  fact,  tha  bubbla  is  not  a  sphara  at  this  aoownt. 
so  tha  asaning  of  tha  radius  naads  axplanation.  Maithar 

tbs  shapa  of  tha  bubbla  nor  its  voIubm  ara  known  baforahand;  in 
fact,  it  is  ona  of  tha  purposas  of  tha  aodal  tast  to  obtain 
inforaation  on  thasa  sagnitudas.  Howsvar.  tha  ainiaua  radius  of 
a  non-aigrating  bubbla.  i.a..  a  bubbla  which  ia  unaffSctad  by 
gravity  and  %«faich  raaalns  spharlcal.  la  known.  Wa  danots  by 
A^^  tha  radius  of  such  a  non-nidaratinq  bubbla.  Lat  ba  tha 

radius  of  a  sphara  which  has  tha  voluaa  of  tha  aigratina  bubbla 
at  tha  nlntiin.  Than,  worm  strictly.  (8.10)  should  raad 
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(8.11) 


Vow 


(8.12) 


*iUx  Nln 
*Vln  ^On 


Tho  ratio  signlfiaa  tha  diaiigo  of  tha  bubbla  voluaa 

«Aiab  la  eauaad  by  tha  affact  of  gravity.  Xf  thara  la  aladlltuda 
of  gravitational  a f facts* 


(8.13)  (  ^  ) 

MlB  ■ 


*mn 

Niln 


and  thasa  ratloa  eaneal  In  (8.11).  Thus*  tha  radius  of  tha  non- 

alaratlno  buhbla*  A^^^*  la  all  that  la  naadad  for  tha  sealing 

analysis,  tha  saaa  rasult  can  ha  obtalnad  by  eonsldarlng  tha 

actual  bubble  contour  In  pol^  coordinates  A(a)  Instead  of  tha 

average  A*  Also*  It  Is  possible  to  show  by  a  similar  argument 
mil 

that  (8.8)  holds  true,  even  If  period  and  maximum  radius  ware 
affected  by  gravity.  Tha  values  J  and  K  referring  to  tha  non- 
migrating  bubble  would  than  be  used  In  (S.8) . 

An  empirical  expression  for  tha  ratio  *  non- 

migrating  bubble  Is  (Snay-Oosrtnar-Prlca  (1952)) 

(8.14)  .  V/Z^^* 

Nln 


•  0.02S  BBX-1 

«  0.026  Lmmd  Amidm 

•  0.022  voelMr 

(Th«  value  for  tlio  nueloar  •xploaioa  is  a  eruda  aatiaata  baaad 
oa  unpubliahad  work.)  (6.14)  la  »  rough  approxiaatloa.  hot  tha 
haat  laforaatioa  avallabla  today.  Zt  aay  ha  aasuaad  to  ba 
iadapaadaat  of  tha  daaalty  of  tha  aoditta.  Coaipariaoa  of  (8.14) 
with  (8.2a)  iadlcataa  that  tha  aiaiaoai  radlua  of  a  aoa<-ai9ratlag 
bubbla  doaa  aot  ehaaga  with  dapth.  This  has  baaa  eoafiraad  by 
tha  MOL  daap  aaa  taats.  «ihara  tha  radius^tias  history  of  bubblaa 
froai  1-lh  ehargaa  tma  photographad  at  daptha  up  to  2  sdlas  by 
rriea  (1950). 

8.2  latarralatioaship  Batwaaa  Siadlituda  Ractuiraaants  and  tha 
Prouartias  of  tha  83cplosiva.  Zf  tha  seals  factors  (7.5)  sad  (8.9) 
ara  coaqparad.  it  is  saan  that  thay  agraa  only  if 
J  K 

(8.15)  ■  !• 

Zt  will  ba  saan  prasautly  that  (8.15)  as  wall  as  tha  scaling 
raquirsnant  for  tha  bubbla  ■iniaoi  (8.10)  ara  isiportant  scaling 
criteria  for  tha  axplosiva  astarial  to  ba  used  in  tha  iKidal 
test. 

(Tha  oecurranca  of  tha  radius  eoaffieiant  J  in  (8.9)  should 
not  causa  concam.  According  to  tha  classic  bubble  theory*  J  is 
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pcoportioMl  to  tho  cubo  of  tho  bubbio  onorgy  por  unit  chargo 
woight.  Thoroforo,  (0.9)  eorruapon>1s  to  tho  onorgy  ocolo  factor 
(7.2e)  as  appllod  to  bubbio  onorgy.) 

Within  tho  accuracy  of  ■saourosMnta.  rogulroaont  (0.15)  la 
satlsflod  for  a  nuabor  of  oxploalvoo.  Por  Inatancoi 
X/J  «  0.3)5  TWT 

0.352  fontollto 
0.348  HBX-I 
0.343  Load  Asldo 
0.345  Wucloar 

Banco,  tho  factor  Mar  unity  for  any  pair  of  thoao 

oxploalvoa  and  this  aaOcos  satisfactory  scaling  posslblo  ohon 
diffsront  oxploslvos  aro  usod  in  full  seals  and  nodol  toots. 

Slaco  this  ratio  is  not  oxactly  tho  saao  for  tho  oxploolvoo  llstsd 
and  slnco  tho  ratio  is  actually  a  function  of  tho  hydrostatic 
prossuro.  a  a»ro  thorough  discussion  of  its  naturo  is  worthwhilo. 

According  to  bubbio  thoory  X/J  doponds  noithor  on  bubbio 
onorgy  nor  on  tho  total  onorgy  of  tho  oxplosivo.  but  on  two 
othor  parasMtors.  naawly  tho  iaontropic  ojcponont  y  and  tho 
so-callod  diaonsionloss  bubbio  paraaotor  k.  Ono  of  tho 
doflnitions  of  k  is  (Snay-Christian  (1952) )i 

^oro  Xjimj  is  tho  ■airlnnM  gas  prossuro  (which  occurs  at  tho 
bubbio  adnijRBi)  and  P^.  tho  hydrostatic  prossuro.  Tho  classic 


1 
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bubble  theory  eoneiders  undeaped  puleetione,  i.e.  the  bubble 
begine  end  ends  with  the  seae  redlue  in  mmdh  cycle.  le 

ebout  tviee  ae  large  aa  the  charge  radius  A^.)  As  the  bubble 
expands  froa  A^  to  a  radius  corresponding  to  A||^^  shortly  after 
the  detonation,  the  shock  «fave  is  saitted  and  the  gas  pressure 
drope  froa  the  large  detonation  pressure  (say  200.000  ata)  to 
%ax  *  Bubble  theory  does  not  cover  the  process  of 

shock  wave  radiation.  The  calculations  begin  with  the  radius 
Ajy^^  and  the  pressure  fitus.  Bay  be  considered  as  an 

"equivalent  pressure  of  explosion*  as  far  aa  the  bubble  is 
concerned. 

Oynaaic  aiailitude  requires  that  all  pressures  be  reduced  by 
the  scale  factor  n.  This  applies  to  the  pressures  P^.  P|fg^ 

P^.  Although  a  reduction  of  Pp  aay  not  be  necessary,  that  of 
^Nax  essential.  If  both  P,.,^  and  P^  are  nultiplied  by  the 
sasM  factor  n.  k  (aa  given  by  (8.16))  retains  its  value  for 
equal  y.  Thus.  K/J  will  be  the  sasw. 

Bubble  theory  shows  further  that  also  A^^Aj^^^  is  a  function 
of  k  and  y  only.  Thus,  siadlitude  of  all  pressures  is  Obtained 
if  the  criteria  (8.15)  and  (8.10)  are  satisfied  and  if  the 
isentropic  exponent  y  of  the  product  gases  is  the  sane  for  the 
aodel  and  the  full  scale  test.  If  these  requirensnts  are  fulfillckl. 
siadlitude  of  the  bobble  pulsation  will  be  obtained  at  all  SKXMnts. 
although  the  requirensnts  Involve  only  the  bubble  naxinus  and 
nlnlnun  (cenpare  Article  8.1). 


•Timmam-rn 
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To  8uinMriz«i 

Th«  requiremonts  (8.15)  and  (8.10),  namaly 


iJl 


m  1  and 


r  ^in  'N 


Slax 


arc  crltaria  whl^  aasur*  that  th«  •xploalv*  uaad  in  tha  aodal 
tast  ha#  tha  eorract  propartlaa. 

8.3  Exploalvaa  for  Modal  Taata  on  Bubblaa.  Bxplosivaa  for 
axpariaanta  on  gravitational  affacta  aniat  aatiafy  tha  following 
raquiraaanta  for  tha  foil  acala  and  tha  aodal  taatt 

(a)  Bqual  anargy  par  unit  %#aight 

(b)  Bqual  y 

(c)  Bqoal  danaity 

(d)  Praaauraa  of  tha  aodal  axploaiva  mat  ba  raducad  by 
tha  factor  tr 

Of  thaaa  raqoiraaMnta,  (a)  ia  not  iaportant  and  can  ba  antiraly 
droppad,  if  tha  radlua  coafficiant  J  la  oaad  for  tha  acaling 
of  anargy  aa  in  (8.9).  Althcogh  raqoiraaant  (d) ,  tha  praaaora 
radoction,  apaciflcally  xmtmzm  to  tha  bubbla  praaaora  a 

radoction  of  all  praaauraa  connactad  with  tha  axploalon  procaaa, 
including  tha  datonation  praaaura  will  ba  nacaaaary  to 
achiava  thia  goal.  Raquiraaant  (c)  rafara  to  conaiatant 
aiailituda  of  all  danaitiaa.  Pigtira  8.1  illuatrataa  tha 
nacaaaity  of  acaling  tha  danaity  of  tha  gaaaoua  raaction  producta. 
Tha  figura  ahowa  a  adgrating  bubbla  at  a  aowant  abort ly  bafora 
tha  bubbla  ■Inianai.  Tha  lowar  bubbla  intar  faca  ia  aanring  rapidly 
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vpwird  and  will  ia^inga  upm  tha  uppar  iatarfaca  an  inatant 
latar.  Tha  gaa  batwaaa  thasa  iatariacaa  will  ba  aqaaasad  to  tha 
aida  with  high  valocity. 


figora  8.1 

Bffact  of  Oaa  Danaitv  Within  tha  Ixploaion  Bubbla 

Tha  akatch  illvatrataa  tha  flow  of  watar  and  gaa  aa  tha 
bubbla  approachaa  tha  ainiaoai. 


Tha  dynaaic  praaanra  of  tha  gaa*  whidi  affacta  tha  notion  of  tha 
two  intarfacaa*  will  bo  aiailar  only  if  tha  gaa  danaity  ia 
proparly  acalad  -  in  addition  to  tha  othar  raqoirananta  diacuaaad. 
Aa  intaraating  application  to  tha  aealing  of  watar  entry 
cavitiaa,  whara  tha  aana  eritarlon  for  tha  danaity  appliaa*  haa 
bean  daaeribad  by  Snay  (1959). 

To  achiava  tha  proper  gaa  danaity*  it  ia  anfficiant  to 
aaaura  that  the  loading  density  of  the  exploaiva  ia  acalad. 

Iha  addition  of  finaly  dividad  inert  aatarial  ia*  in  principle, 
an  acceptable  way  to  aatiafy  tha  ^naity  and  preaaura  critarion. 


8.4  DlfflcttXtl««  In  Obtaining  th<  PropT  Hxploalv.  It  %d.ll  lam 
no  alnor  tnnk  to  dovolop  oxploalvon  which  Mtiafy  tho  above 
raqulraaanta.  Mo  attaaipt  in  thia  direction  haa  been  wide  ao  fhri 
conaiderabla  difficultiea  have  been  experienced  with  the 
reproducibility  of  aauill.  ordinary  lead  axide  chargee. 

A  different  exploaive  ia  needed  for  each  aeala  condition. 

To  teat  fbr  the  correct  propertiea.  piezoelectric  aoaauraBenta 
of  the  bubble  pulae  peak  preaaure  mat  be  atade  at  great 
depth  in  order  to  obtain  the  condition  of  a  non-nigrating  bubble. 
Such  eeaeureawnta  are  cuadMraoaa  and  not  very  accurate  for  aeall 
ehargea.  Large  chargea  of  priaury  exploaivea  are  dangeroua  to 
handle. 

Ihotograpbic  obaervation  of  the  idLnime  radiua  ia 
virtually  iapoaaible.  becauae  at  thia  aowant  the  bubble  la 
aurronnded  by  "atreaeara"  which  entirely  obacure  the  buU»le 
proper  (Figure  8.2).  Theae  atreanera  are  the  reault  of  the 
Inatability  of  the  bubble  interface  which  prevaila  at  the  tla« 
tdian  the  bubble  approachea  the  adniaue.  For  exploaiona  at  great 
depth,  aay  1  nile.  the  atreaaara  are  leaa  pronounced  and  the 
bubble  reaaina  viaible  at  the  ainima.  Although  good  jfiotographa 
have  been  ande  at  auch  deptha.  thia  method  la  too  involved  for 
routine  aaaaureaanta.  Thua.  piezoelectric  preaaure  recorda 
(froa  which  A^^g  can  be  calculated)  are  the  aoat  direct  and 
moat  accurate  «my  to  deteradne  the  exploaion  paraaetera  neaded 
for  gravity  acaling.  Such  aaaaureaanta  alao  yield  the  bubble 
period,  and  hence,  K. 
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Figure  8.3 

Inetabilitv  of  the  Bubble  Interface  at  the  Minimum 

The  bubble  interface  is  smooth  (save  for  minute  irregular¬ 
ities)  shortly  after  detonation  (first  frame),  at  the  bubble 
maximum  (second  frame),  and  somewhat  beyond  that  time.  Insta¬ 
bility  near  the  bubble  minimum  (third  frame)  causes  gross 
distortions  of  the  Interface.  The  actual  minimum  bubble  size 
corresponds  to  about  one-half  of  the  dar)c  area  in  the  third 
frame.  Source:  Goertner-Christian  (1953). 


I 

I 

( 

8.5  Electric  Spar)cs  as  Explosive  Sources.  In  view  of  the 
inherent  difficulties  experienced  with  the  reproducibility  of 
small  explosive  charges,  the  use  of  electric  sparK  discharges 
under  water  as  explosive  sources  has  considerable  interest. 

There  is  a  tempting  possibility: to  design  a  device  which  is  able 
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to  roproduc*  th«  various  sxplosion  paramstsrs  appropriats  to 
sach  scaling  condition  sinply  by  adjusting  a  faw  knobs  on  a 
black  box.  Mo  effort  in  this  direction  has  been  made  and  it 
will  probably  be  a  long  time  until  such  a  device  is  completed, 
if  it  is  «K>rthwhila  at  all. 

The  great  importance  of  electric  sparks  lies  in  the  simula¬ 
tion  of  underwater  nuclear  explosions.  In  contrast  to  high 
explosive  bubbles,  the  nuclear  bubble  does  not  contain  permanent 
gases,  but  steam  or  dissociated  water  vapor.  As  the  bubble 
pulsates,  evaporation  and  condensation  occur  at  the  bubble 
interface.  When  the  bubble  expands,  %rater  is  evaporated  at  the 
bubble  surface}  upon  contraction  steam  is  condensed.  Substantial 
further  condensation  occurs  near  the  bubble  minimum  because  of 
the  internal  water  spray  caused  by  instability  and  inversion  of 
the  bubble.  Since  these  phenomena  are  of  practical  significance, 
model  studies  which  are  able  to  simulate  such  processes  are  of 
interest. 

For  this  type  of  model  test  the  explosion  must  have  steam  as 
ths  exclusive  reaction  product,  since  permanent  gases  as 
nitrogen,  or  carbon  dioxide  would  not  condense.  Electric  spark 
discharges,  which  dissociate  and  vaporize  water  in  a  similar 
wny  to  nuclear  explosions,  appear  to  be  suitable  explosion 
sources  for  this  purpose. 

The  importance  of  and  the  difficulties  encountered  in  the 
t';sting  of  explosion  parameters  of  such  electric  discharges  are 
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obriotts  frem  thm  prccadinq  psraqraphs.  Th*  MaaurMMnt  of  tho 
raditto  coafflciant  J  and  tha  pariod  coaffieiant  K  doaa  not  offar 
problaaa.  Bowavar,  tha  aealing  of  tha  buhbla  alniMia  involvaa 
eoaplicatlona.  Subatantlal  work*  going  far  bayond  tha  praaant 
stata  of  knowladga,  will  ba  nacasaary  bafora  alactric  apark 
aqaipaant  can  ba  daaalopad  which  will  aatiafy  tha  raquiraMnta 
for  tha  aealing  of  nuclaar  undarwatar  axploaion  bobblaa. 

8.6  Staaa-produeing  Exoloaivaa.  An  altarnativa  poaaibility  of 
aiaulating  tha  ataaai  bubbla  of  nuclaar  undarwatar  axploaiona  ia 
tha  uaa  of  ataaa-producing  axploaivaa.  Tha  raaction  producta 
of  such  axploaivaa  ara  watar  vapor  and  aolid  aatal  oxidaa. 

Paraanant  gaaaa  ara  alaoat  coaiplataly  abaant.  Tha  Naval  Ordnance 
Laboratory  haa  davalopad  and  partially  taatad  aavaral  auch  axplo¬ 
aivaa  (Murphy  (1963)).  Typical  axaaplaa  ara  a  aixtura  of 
alwinuBi  wool  and  hydrogen  paroxida  or  a  nixtura  of  rirconiua 
hydride  and  potaaaiua  perchlorate.  Tha  fir at  axploaive  ia 
auitabla  for  awdlua  and  vary  larr^a  ehargaa  (up  to  10,000  lb  and 
a»ra) .  flia  aacond  ona  can  ba  uaad  for  aaall  ehargaa  aa  naadad  in 
laboratory  atudiaa.  Although  shock  wava  and  bubbla  paraaatara  hava 
not  baan  datanainad  at  tha  tiaa  of  thia  writing,  thaaa  now  axplo- 
sivaa  appaar  to  ba  aora  attractiva  than  alactric  aparka. 

Staaa-producing  ehargaa  and  alactric  aparka  can  aiaulata 
only  ona  aapact  of  tha  nuclaar  axploaion  bubble*  naaMly*  a 
■adiua  which  can  condanao.  Such  condanaation  ia  of  particular 
ij^rtanca  at  noMota  near  tha  bubble  ainii 


Tha  iapaet  of 
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til*  upp*r  and  la«#*r  bubbl*  intar  fae*s  project*  a  «#at*r  apray 
into  th*  interior  of  the  bubble.  Thia  apray  coola  the  panaanent 
faaea  of  HI  bubble*,  but  condenaea  the  ataaai  of  nuclear  buMslaa. 
Therefore,  th*  pulaation  of  nuclear  bubble*  ia  damped  more  than 
that  of  HI  bubble* •  Xn  fact,  nuclear  bubble*  may  entirely 
diaappear,  aav*  for  a  relatively  email  amount  of  gaaea  which 
atema  from  the  exploaiv*  of  th*  «rarh*ad,  the  nuclear  reaction, 
inecavlete  recombination  of  dlaaociated  water  and  permanent  gaaea 
which  war*  originally  diaaolved  in  the  water. 

neither  electric  aparka  nor  ateam-producing  charge*  can 
aimulate  the  denaity  and  temperature  diatribution  within  a 
nuclear  babble  deacrlbed  in  Article  3.9.  Thia  lack  of  aimilitud* 
ia  an  inherent  diaracterlatic  of  all  aimulatlon  technique* 
propoaed  to  date.  Thia  diaaimllitude  will  probably  not  affect 
the  groaa  behavior  of  the  bubble,  i.e.  th*  damping  and  condenaa- 
tion,  but  it  could  affect  detail*  of  th*  tranaport  of  the 
radioactive  materiala,  if  thia  proceaa  ia  th*  aubject  of  th* 
model  atttdy. 

8.7  Similitude  of  Ivaporation  end  Condenaation.  For  model  teata 
which  deal  with  evaporation  and  condenaation  proceaaea  an 
additional  acaling  criterion  muat  be  aatiafied.  It  require* 
equality  of  the  Ttii.aia  nuaiber  for  aaidel  and  prototype.  Th* 
number  ia  liated  ia  Table  5.1s 

th  m  Characteriatic  preaaure 

Vapor  preaaure  * 
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Sine*  it  la  difficult  to  change  the  vapor  praaauro  within  tho 
order  of  oagnitude  required  for  laodeling  of  nuclear  explosiona, 
thia  acaling  criterion  eaaentially  requirea  that  the  preaaure 
occurring  in  the  nodel  and  the  full  acale  be  the  aaaw.  Thia 
equality  can  be  obtained  in  a  high  gravity  tank. 

8.8  Approxiaat Iona .  The  adjuataMnt  of  the  exploaion  paranetera 
needed  for  exact  acaling  of  bubble  phenonena  ia  a  tedioua  and 
difficult  propoaition.  Therefore,  the  queation  nay  be  raiaed  aa 
to  how  aerioua  the  diacrepanciea  would  be  if  the  requireaenta 
iaipoaed  on  the  behavior  of  the  exploaive  were  ignored.  Thin 
queation  aaounta  to  an  eatiaate  aa  to  how  badly  acaling  ia 
affected  if 


fsJl 
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Xn  principle,  acaling  analyaia  cannot  provide  an  anawer  to 
thia  queation.  It  ia  the  beauty  of  the  theory  of  aodela  that 
the  exact  acaling  criteria  can  be  derived  without  difficult 
theoretical  calculationa.  but  it  haa  the  great  drawback  that,  in 
contraat  to  Mtheauitlcal  calculationa.  no  indication  can  be 
obtained  aa  to  the  accuracy  of  approxiauitiona. 

An  eatiaMte  of  the  errora  introduced  by  the  cadaalon  of 
certain  acaling  criteria  haa  to  com  froai  experlMntal  reaulta 
or  froai  conaideration  of  thoae  detaila  of  an  experlMnt  %dilch 
are  affected  by  the  approxiaationa. 
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If  th«  acaling  raquiramont  %«hich  include*  the  ratio  X/J  ia  not 
aatiafied.  the  pressure  distribution  in  the  water  is  not  correctly 
reproduced.  This  can  be  seen  from  the  previously  derived 
equation  (8.9).  With  gp  we  have 

!a 

0  Z  V  K_  J  y  • 

w 

According  to  this  relation  the  pressure  (vdiich  is  expressed  by 
the  hydrostatic  head  2)  is  not  proportional  to  the  ratio  of  the 
firing  depths  if  ^  This  proportionality  is  required 

for  similitude  of  the  pressure  distribution,  as  illustrated  in 
Figure  7.1. 

The  eeriousnesa  of  this  oaULsaioa  can  be  understood,  if  it 
is  realised  that  equality  of  the  Froude  number  (8.8)  can  be 
achieved  for  any  values  of  This  means  that  the  bubble  ^ 

behavior  ia  the  gravitational  field  ia  scaled  for  the  condition  j' 

of  (8.8),  i.e.,  strictly  speaking  the  moment  of  the  bubble 
maximum,  but  practically  for  the  smjor  portion  of  the  first 
cycle.  However,  the  pressure  distribution  in  the  water  is  not 
siadlar.  Thus,  the  first  cycle  of  the  bubble  pulsation  is 
approxismtely  scaled,  but  not  the  subsequent  ones  when  the  bubble 
has  sdgrated  into  a  shallower  depth,  i.e.,  into  regions  where 
the  pressure  is  not  sealed.  Therefore,  it  appears  that  omission 
of  the  sealing  requirement  for  X/J  is  not  serious,  if  only  the 
first  pulsation  cycle  is  considered. 
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Thl*  typa  of  approxiaoto  acaling  la  uaaful  for  ahallow 
axploaiona  (O  ~  or  laaa) ,  baeauso  tha  bubbla  will  braak  tha 
Burfaca  and  la tar  cyclaa  will  not  occur. 

Por  daap  axploaiona  (O  >  >  tha  surfaca  affact  ia  not 

laqportant  and  ona  auiy  foraaka  qaoBMitrlc  aladlltuda  with  raapact 
to  tha  watar  aurfaca  in  favor  of  tha  aiailituda  of  tha  praasura 
diatribution. 

In  this  caaa  tha  corraetion  tanu  for  tha  affact  of  tha 
watar  surfaca  and  bottoai  do  not  eancal  axactly  aa  in  aquation 
(8.9) ,  but  both  tarms  ara  closa  to  unity  for  daap  axploaiona. 

Tha  langth  scala  factor  is  than 

j.  C*Ma3c^ 

^«ax 


(8.17) 
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whara  8  dasignataa  tha  corraetion  tana 

^  _  *Wax  ^  ^  *)iax 

(8.17a)  8  •  1  -  Cj^  p  -  ♦  Cj  -g — 


Mot/,  inataad  of  •  XO,  wa  sat 
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Thia  will  asaura  aiailituda  of  tha  praaaura  diatribution. 

Oaoawtrlc  aiailituda  of  tha  bubbla  configuration  with  raapaet  to 
tha  bottoai  can  ba  raadily  achiavadt  ■  XH. 

Vo  axpariaantal  atudy  uaing  thia  approxinata  acaling  aathod 
haa  baan  aada  at  tha  tiaa  of  thia  writing. 

0,9  Bffact  of  tha  Bubbla  Miniauai  Upon  Migration.  It  ia 
ioMdiataly  aaan  froai  (8.14)  that  graat  daviationa  in  tha  ratio 
will  occurs  if  tha  hydroatatic  haad  at  tha  nodal 
taat  diffara  aubatantially  from  that  of  tha  full  acala  condition. 
Thi?  aituatlon  ia  alwaya  ancountarad  in  tha  raducad  praaaura 
tank.  Sinea  Z_  <  Z  and  ainea  tha  aaxinun  radiua  ia  acalad,  tha  ' 
nininua  radiua  ia  too  anall  in  tha  nodal  taat  aa  dapietad  in 
Figura  7.2.  Thia  haa  a  atrong  affact  upon  bubbla  nigration. 

To  aatinata  tha  arror  nada  by  onitting  tha  acaling  of  tha 
bubbla  ninimaii  it  ia  nacaaaazy  to  viaualiaa  tha  proeaaa  of 
bubbla  nigration.  A  pulaating  axploaion  bubbla  nlgrataa  ufward 
in  junpa.  Thara  ia  only  slight  upward  notion  up  to  and  shortly 
bayond  tha  tins  of  tha  bubbla  naxinun.  Bowawar*  as  tha  bubbla 
approachas  its  nininun  tha  cantar  novas  rapidly  upward,  adtiavaa 
tha  hi^aat  upward  valocity  at  tha  noannt  of  tha  bubbla  nininun 
and  continuas  to  nova  upward  at  dacraaaing  rata  aa  tha  bubbla 
ra-axpands.  Ones  tha  bubbla  has  grown  to  a  sisa  conparabla  to 
that  of  tha  saeond  bubbla  naxiaran.  upward  nigration  alnoat  caasas, 
but  bagins  again  whan  tha  bubbla  contracta. 


im'imiui-tKsm 
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An  a^roxiaata  intarpratation  of  thia  phanoaanon  is  halpful 

at  thia  point.  Tha  buoyancy  of  tha  bubbla  whidi  tanda  to  nova 

tha  bubbla  upward  ia  proportional  to  tha  bubbla  voluaa,  hanca  to 

tha  Cuba  of  tha  radiua.  lha  upward  notion  is  opposad  by  an 

inartial  forca  %«hich  ia  proportioiial  to  tha  vix  rual  mss*  of  tha 

bubbla.  This  taasa  is  ona  half  of  tha  voluaa  displacad  by  a 

apharical  bubbla  tinaa  tha  dansity  of  watar.  hanca  it  also  ia 

proportional  to  tha  cuba  of  tha  radiua.  As  t?  ;  bubbla  axpands 

to  its  naxifluai.  both  buoyancy  and  virtual  stass  incraasa  at  tha 

Sana  rata.  This  raaults  in  littla  nigration.  Bowavar.  during 

this  tins  tha  aystaa  acquiras  an  inpulsa  aqual  to  tha  tina 

intagral  of  buoyancy.  As  tha  bubbla  contracts  tha  virtual  nass 

is  rapidly  raducad  and  tha  inpulsa  acquirad  causas  an  upward 

valoeity  which  ineraaaas  rapidly  as  tha  bubbla  radius  dscraasas. 

Tha  rata  of  tha  upward  ndgration  is  tha  tiaa  intagral  of  tha 

buoyancy  divided  by  tha  virtual  Msa  which  is  proportional  to 

tha  Cuba  of  tha  bubbla  radius.  Thus,  tha  minimum  siza  of  tha 

bubbla  has  an  important  bearing  on  tha  migration.  Although  this 

description  holds  only  for  spherical  bubbles  and  must  be 

considerably  modified  for  actual  bubbles,  tha  conclusion  rasmins 

*  In  hydrodynamics,  tha  concept  of  the  virtual  nass  is  used  to 
account  for  the  inartial  forca  of  an  accelerated  body  in  a  fluid. 
Tha  mass  of  a  subamrgad  body  appears  to  be  increased,  because  not 
only  tha  body  itself,  but  also  surrounding  fluid  particles  must 
be  accelerated.  The  mass  of  an  explosion  bubble  is  negligibly 
small,  hence  tha  upward  acceleration  due  to  buoyancy  %«ould  be 
vary  large,  if  tha  virtiial  mass  were  ignored.  Actually,  the 
upward  acceleration  of  a  non-pulsating  gas  sphere  is  2g  as  can 
be  readily  found  from  the  virtual  mass  of  a  sphere  aentionud 
above. 
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that  tha  Bcalina  of  th«  bubbla  iBlniauw  la 
that  of  tha  ratio  K/J. 


Xt  la  poaaibla  to  aiata  taata  in  a  raducad  pri 


tank 


with  diffarant  valuaa  for  tha  ainiataa  radiua  of  tha  bubbla*  Thia 


ia  accoaipliahad  by  changing  tha  watar  taaparatura  tdtich  in  turn 
affacta  tha  adnimai  radiua  (Articla  9.2).  Tha  laft-hand  aida 


of  Figura  B.3  ahowa  eontoura  of  tha  bubbla  for  tha  Maxiaua,  tha 
■ininnuifand  intaraMdiata  anawnta.  Tha  point  X  rafara  to  a 
calculated  nigration  battiaan  tha  tiaw  of  detonation  and  tha 
firat  bubbla  adnianm,  aa  obtainad  froai  an  eapirical  foraula. 
Thia  eaipirical  equation  ia  baaed  on  raaulta  of  sound  ranging 
taata  tdiich  naaaura  tha  location  of  tha  origin  of  tha  praaaura 
pulaaa  eaiitted  by  tha  pulaating  bubbla.  For  chargaa  of  HXX-l 
(which  are  acaled  in  Figure  8.3).  the  migration  iZ  ia  given  by 


(8.19) 


A2  ~  lOO.W^/V*^. 


The  fact  that,  according  to  thia  evidence,  tha  pulse  aaaaw  to 
emerge  from  the  top  and  not  from  the  center  of  tha  bubbla  ia  in 
agreement  with  the  behavior  of  migrating  bubbles.  Tha  lowar 
interface  rushes  into  the  bubbla  interior  and  collides  with  tha 
upper  interface.  The  impact  of  thaaa  interfaces  causaa  a  water 
haaamr  effect  and  strong  pressure  pulses  which  ware  utiTirad  in 
the  sound  ranging.  Therefore,  tha  situation  shown  in  Figura  8.3A 
indicates  good  agreement  between  tha  nodal  tost  in  tha  raducad 
pressure  tank  and  the  sound  ranging  of  tha  bubble  migration  in 
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th«  full  seal*  taat.  It  is  of  particular  significanc*  that  this 

r 

agroaaant  is  obtainad  only  if  tha  bubble  ■inianw  is  proparly 
acalad.  Tha  right  hand  aida  of  rigura  8.3  illustrataa  a  casa 
whara  this  scaling  vmm  osiittad.  The  solidly  dratm  contours 
rafar  to  a  tost  in  tha  raducad  prassura  tank  at  low  tasiparatura. 
Tha  bubble  minimua  is  too  saiall.  Tha  point  froa  tha  sound 
^  ranging  fomula  is  not  in  agraaaant  with  tha  nodal  data.  Tha 

dottad  contour  rafars  to  tha  bubbla  ■inianui  for  a  highar  watar 
taaparatura  at  which  tha  adninua  is  corractly  scalad.  It  is 
saan  that  only  in  this  casa  is  good  agreanant  obtainad. 

Figure  8.4  shows  this  result  in  a  aora  general  fashion. 

Tha  raducad  aigration  of  tha  canter  of  tha  bubbla  as 

wall  as  of  its  upper  surface  at  tha  aoaant  of  tha  bubbla  ainiaua 
j  plotted  vs  This  aagnituda  is  proportional  to  tha 

Frouda  number.  Tha  axparimantal  points  are  obtainad  froa  modal 
tests  carried  out  at  three  taaparaturas.  namely,  36*F,  81*F, 
and  100*F.  Tha  watar  tamparatura  and,  therefore,  tha  size  of 
*  tha  bubbla  minimum  does  not  affect  tha  motion  of  tha  center  of 

tha  bubbla:  all  axparimantal  points  ara  around  one  and  tha  sasia 

j 

j  curve.  Hovmvar,  tha  points  for  tha  upper  bubbla  surface  differ 

I  for  these  three  temperatures.  Tha  curve  which  represents  tha 

sound  ranging  data,  formula  (8.19),  is  shown  as  a  dottad  curve. 
It  is  near  the  curve  for  81*F  which  is  about  tha  average 
temperature  for  %i»hich  is  scaled  in  the  range  of  conditions 

covered  in  Figure  8.4.  These  examples  indicate  that  tha  scaling 

. .  .  „ 
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Figure  8.4 

Reduced  Bubble  Migration  During  First  Cycle 


Migration  of  the  bubble  center  and  top  was  observed  in  a 
■educed  pressure  tank  at  different  water  temperatures.  For  a 
fater  temperature  of  81* F  the  migration  of  the  bubble 
rith  the  sound  ranging  formula (8.19).  Source:  Goertner  vl95o) . 
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of  th«  bubble  nlnlmia  must  not  bs  ignored,  if  better  than  crude 
qualitative  results  are  expected  from  the  model  test. 

The  final  judgement  on  the  accuracy  of  scaling  approximations 
in  tdiich  X/J  and  not  have  the  proper  values  depends 

on  the  actual  differences  between  the  required  values  and  those 
obtained  in  a  aK>del  test.  As  will  be  seen,  great  differences 
occur  for  the  reduced  pressure  tank,  but  small  ones  for  the 
high  gravity  tank. 

8.10  SuasMirv.  If  the  scaling  criteria  are  expressed  in  terms 
of  magnitudes  used  in  underwater  explosion  research  (the  period 
coefficient  X  and  the  radius  coefficient  J) ,  the  following 
requiresMnts  are  obtained  in  addition  to  those  derived 
previously I 


1  and 


( 

'^^1.x 


The  first  requireswnt  assures  a  similar  pressure  distribution 
in  the  water,  the  second  one,  similitude  of  the  pressure  in 
the  explosion  bubble.  Xn  principle,  these  requirements  necessi> 
tats  that  for  each  scaling  condition  different  explosives  must 
be  used  in  the  ondel  test.  There  are  considerable  practical 
difficulties  in  satisfying  this  requirement. 

An  evaluation  of  the  ii^rtance  of  the  two  requirements 
indicates  that  siiailitude  of  the  minimum  radius  is  more  important 
than  that  of  the  ratio  J/X. 


i 

I 

I 

i 


NOLTR  f'3-2?.7 


TWO  Mthoda  of  approxiMta  acaling  can  ba  uaad  if 
diffars  froii  unity.  For  ahallow  axploslona  gaoawtric  aimllltuda 
of  tha  bubbla  with  raapact  to  tha  watar  aurfaea  ia  a»ra  important 
than  aiaillltttda  of  tha  praaaura  diatribution  in  tha  watar. 
Tharafora,  tha  lattar  aimilituda  raquiraoMnt  nay  ba  ignorad  hara. 
For  daap  axploaiona  tha  influanca  of  tha  v«atar  aurfaea  on  tha 
bubbla  pulaationa  ia  anall.  In  thia  eaaa.  gaoaMtric  acaling  of 
tha  Mtar  dapth  nay  ba  onittad  i.-:  favor  of  tha  ainilituda  of 
tha  praaaura  diatribution. 


1 

(  ' 


) 
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XX.  MBTBODS  07  B’JBBXJC  SCALIM 
Th«  diffleultlac  in  bvibbl*  acaling  aris«  to  a  groat  oxtant 
txom  tho  rogulroaont  ^  *>^1  froai  that  rogarding 

sifftilitudo  at  tho  bubblo  •ifiianM.  In  tho  noxt  throo  paragrapho 
poaalblo  varlatlona  of  tho  aagnitudoo  X/J  and  ^ 

diocuoaod.  Subooquontly.  tho  posaiblo  aothodo  of  acallng  in 
froo  wator.  in  tho  roducod  prooauro  tank,  and  in  tho  high  gravity 
tank  will  bo  doocribod  and  thoir  accuracy  appraiood. 

9.1  Bffoet  of  Proaouro  Opon  K/J.  In  contraat  to  tho  Bagnitodo 
tho  laagnitudo  K/J  la  alaK>at  indopondont  of  dopth  (or 
bottor.  of  Z) .  Flguro  9.1  ahowa  tho  prooauro  dopondonco  of  K/J 
for  TNT,  load  aaido,  and  a  nucloar  oxploaion  ao  calculatod  by 
aoana  of  tho  claaaic  bubblo  theory.  Conaidoring  tho  largo  acalo 
uaod  for  K/J,  it  ia  aoon  that  tho  varlatlona  aro  aaoll.  Tor 
bubblo  acallng,  thoao  varlatlona  aro  notlcoabXo  only  if  tho 
hydroatatlc  proaauro  ia  vary  difforont  for  aodol  and  prototype, 
as  in  tho  caao  of  tho  roducod  proaauro  tank.  For  accurate 
scaling  this  proaauro  variation  nay  bo  included  ia  the  scaling 
analysis.  But,  %fa  may  conclude  from  Tiguro  9.1  that  tho  dovia- 
tiona  fron  **  ^  saall  and  say  not  sorioualy  affect 

the  accuracy  of  scaling.  This  conclusion  holds  only  so  long  as 
pressure  changes  alone  are  involved.  If  the  water  in  a  reduced 
rressure  tank  boils,  the  changes  of  K/J  are  much  larger  and 
definitely  affect  the  accuracy  of  scaling. 
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TOTAL  HYDROSTATIC  HEAD  Z 


-  TNT 

- lead  azide 

- .  NUCLEAR 


Figure  9.1 

Presaure  Dependence  of  the  Ratio  K/J 

The  ranges  of  practical  interest  of  Z  are  roughly  between 
1  and  35  ft  for  lead  azide,  20  and  200  ft  for  TMT,  and  300  to 
5,000  ft  for  nuclear  explosions  of  kt  range  size.  K/J  has  almost 
the  same  value  for  these  three  explosions  within  these  ranges. 

For  the  high  gravity  tank  the  dep^  of  lead  azide  may  qo  up  to 
500  ft. 

9.2  The  Effect  of  Boiling.  The  reduction  of  the  pressure  in  a 
closed  test  tank  required  for  scaling  of  large  underwater 
explosions,  in  particular  nuclear  explosions,  is  such  that  the 
pressure  approaches  the  vapor  pressure  of  water  even  for  low 
water  temper atxires.  The  pressure  inside  an  explosion  bubble 
falls  substantially  below  ambient  pressure  for  moments  near  the 
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bubbl*  MxiMuat.  Thus,  ths  wstsr  nsar  ths  bubbls  surfacs  will  go 
through  a  stats  of  boiling. 


0  10  20  30 

AIR  PRESSURE  ABOVE  WATER 
(IN  FT  OF  FRESH  WATER) 


rlgura  9.2 

Minimum  Prasaura  in  Bubbls 

Ths  graph  shows  that  ths  minimum  prsssurs  can  fall  bslow  ths 
vapor  prsssurs,  if  ths  air  presaurs  abova  ths  watsr  is  rsducsd. 
This  doss  not  occur  for  sxpiosions  in  open  watsr,  whsrs  ths  air 
prsssurs  is  34  ft  of  watsr. 

Figurs  9.2  shows  a  plot  of  ths  minimum  bubbls  prsssurs 
vsrsus  ths  air  prsssurs  abovs  tiie  watsr  surfacs  for  firing  dspths 
of  2  ft.  5  ft,  and  10  ft.  Ths  vapor  prsssurs  of  watsr  is 
indicated  for  various  watsr  tsnpsraturss  and  it  is  sssn  that  the 
prsssurs  inside  ths  bubbls  may  be  substantially  lower  than  ths 
vapor  presaurs. 

Figurs  9.3  illustrates  this  type  of  boiling.  Ths  explosion 
parasMtsrs  were  virtually  ths  sans  except  for  ths  water 
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tmparatur*.  Th«r«  la  only  alight  boiling  at  tha  taaparaturo  of 
36*rr  tha  bubbla  surfaca  is  satooth  in  this  casa.  At  100*r  tha 
bubbla  surfaca  is  covarad  by  a  nunbar  of  sull  sacondary  bubbles 
%diich  are  tha  result  of  boiling.  A  novia  filai  clearly  shows 
this  boiling  as  a  swirling  motion  of  these  sacondary  bubbles. 

Tha  most  important  diffaranca.  however,  is  tha  increased  size 
of  the  bubbla  minimum  if  boiling  occurs;  this  is  clearly  visible 
in  tha  figure.  This  phenomenon  can  be  utilized  for  tha  scaling 
of  tha  bubbla  minimum. 

Figure  9.4  shows  how  boiling  changes  tha  minimum  bubbla 
radius.  This  graph  is  a  result  of  rather  lengthy  theoretical 
calculatxons  and  experiments  by  Snay,  Goertner.  and  Price,  1952. 
The  calculations  are  approximate,  but  the  resulting  bubble 
migration  was  in  good  agreement  with  full  scale  information. 
(Compare  Flcnire  8.3.) 

Figiire  9.5  show*  plots  of  the  radius  coefficient  J  and  the 
P**'io<J  coefficient  K  versus  the  air  pressure  for  different 
temperatures.  The  theoretical  limit  for  boiling  for  36.2’p 
water  temperature  is  according  to  Figure  9,2  at  around  8  ft  air 
pressure  for  2  ft  firing  depth.  The  effect  of  boiling  upon  the 
period  and  radius  coefficient  first  becoews  noticeable  at  a 
lower  pressuxe,  namely  2  ft.  The  change  of  K  and  J  up  to  this 
point  is  duo  to  the  pressure  effect. 

The  variations  of  K/J  caused  by  boiling  are  large  multiples 
of  those  caused  by  the  pressure  effect.  Since  boiling  does  not 


AIR  PRESSURE  (FT.  OF  FRESH  WATER) 


0.8  1.0  I.S  2  3  4  5  6  8  10  IS 

AIR  PRESSURE  (FT.  OF  FRESH  WATER) 

Figure  9.5 


Voriotion  of  Rodim  and  Period  Coefficienl*  Witfi 
Pr«»»ure  ond  Temperoture 


Firing  Depth  2ft.  (Source:  Goertner  ( 1956) ) 
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occur  at  tho  full  acalo  condition,  a  largo  deviation  of  JJK./K^  J 

rI  hi 

fron  unity  must  bo  oxpoctod.  Thoroforo,  ono  haa  tho  choice  of 
aatis tying  oithor  tho  roquiromont  of  gooaiotric  ainilitudo  for  tho 
bubble  minimun  or  tho  aimilitudo  of  tho  proaauro  diatribution 
«(hich  roquiroa  •  1.  According  to  tho  diacuaaion  in  tho 

preceding  aoction.  Article  8.9,  tho  acaling  of  tho  bubble  minimum 
ia  more  important.  For  thia  roaaon  tho  method  of  adjuating  tho 
bubble  minimum  by  moana  of  boiling  ia  very  uaoful,  doapito  tho 
fact  that  auch  boiling  dooa  not  occur  in  tho  full  acalo  and  that 
it  loada  to  a  diaaimilar  proaauro  diatribution  in  tho  wator  above 
tho  bul^lo. 

9.3  Tho  Bffocta  of  tho  Taiik  Wall.  A  baaic  difficulty  of  all 
oxplooion  toata  in  tanka  ia  tho  "wall  effect" •  Tho  proaonco  of 
tho  wall  influoncoa  tho  pulaatlon  of  the  bubble  in  a  way  aimllar 

to  that  of  tho  free  wator  aurfaco  or  tho  bottoai  of  tho  aoa. 

According  to  tho  evidence  available  today,  tho  radina  coefficient 
J  ia  not  affected,  whoroaa  tho  period  coefficient  K  for  an 
oxploaion  in  tho  tank  ia  given  by 

(9.1) 

\ 

whore  R  donotoa  tho  dlatanco  between  tho  point  of  oxploaion  and 

tho  wall  of  a  cylindrical  tank  and  T  ia  tho  period  for  open  J 

wator  aa  given  in  (8.2b)  %ihlch  includoa  tho  effect  of  wator  !  ' 

.  i. 

aurfaco  and  bottom.  Tho  coofficisnta  c^  and  c^  have  boon  ^ 

oxporlaMntally  dotorminodt  c^  »  0^216  and  c^  0.783 f  Zuko  (1962)). 
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Since  the  wall  effect  is  absent  for  the  prototype,  the  ratio 
K/J  must  be  necessarily  different  for  the  model  explosion,  so 
that  Here,  the  failure  of  similitude  is  s  geometric 

one.  Since  geometric  similitude  is  the  prime  requisite  of  all 
model  studies,  a  modal  test  in  a  tank  can  scale  only  a  larger 
container,  but  not  an  explosion  in  open  water. 

Of  course,  the  wall  effects  could  be  miniadzed  by  building 
a  sufficiently  large  tank.  For  economical  reasons  this  is  not 
always  possible,  in  particular  for  an  accelerated  tank.  For 
instance,  the  reduced  pressure  tank  of  the  Naval  Ordnance 
Laboratory  has  a  dianater  of  4  ft.  Typical  maximum  bubble  radii 
are  around  0.4  ft.  Here,  the  presence  of  the  tank  %nilL  increases 
the  bubble  period  b>  about  7%.  The  high  gravity  tank  under 
construction  at  the  Naval  Ordnance  Laboratory  will  have  a  diameter 
of  2  ft  and  the  maxisnus  bubble  radii  will  be  around  0.2  ttt  hence 
the  wall  effects  are  the  same  as  in  the  larger  reduced  pressure 
tank.  These  tanka  are  large  enough  so  that  the  bubble  shape  is 
not  noticeably  distorted;  but  the  7%  change  in  period  indicates 
that  the  wall  effect  cannot  be  entirely  ignored. 

The  problem  of  correcting  the  ta.ik  results  to  open  %niter 
conditions  is  not  a  problem  of  scaling,  but  requires  a  hydro¬ 
dynamic  study  of  the  effect  of  the  wall.  It  is  not  clear  today 
«rhich  details  of  the  bubble  behavior  undergo  a  change  because  of 
the  presence  of  the  walls  of  a  tank.  If  it  is  assuzMd  that  the 
two  magnitudes  ^Max  and  T  define  not  only  the  bubble  pulsation. 
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but  alao  tha  adgration  and  tha  changa  of  shape,  tha  following 
Mthod  can  ba  uaad:  Sinca  it  ia  dasirad  to  sinulate  the 
phanoaana  occurring  in  tha  open  vmtmr,  tha  pariod  for  tha  opan 
watar  condition  is  introdticad  into  tha  scaling  criteria  in  all 
placaa  which  rafar  to  tha  full  scale  condition.  For  tha  modal 
conditions,  referring  to  tha  pulsation  in  a  tank  according 
to  (9.1)  is  inserted  in  tha  aquations.  Thus,  tha  scaling 
raquirasMnts  are  computed  in  auch  a  %ny  that  tha  Froude  number 
containing  tha  pariod  of  tha  confined  modal  ia  sat  aqxial  to  that 
containing  tha  full  scale  opan  watar  pariod.  This  method  has 
bean  uaad  in  alaoat  all  tank  studies  so  far;  however,  it  is 
important  to  undaratand  that  this  is  not  a  strict  scaling  method. 
9.4  Bubble  Scaling  in  Field  Tests.  Tha  case  of  tha  non-migrating 
bubble  which  is  unaffected  by  gravity  has  bean  discussed  in 
Article  7.2.  Cuba  root  scaling  is  appropriate  and  there  are  no 
difficultiaa  in  making  sndal  teats  in  tha  opan  watar. 

As  elaborated  before,  modal  tests  cannot,  in  general,  ba 
made  in  tha  field  if  tha  bubble  is  affected  by  gravity.  However, 
there  is  a  possibility  of  using  approximate  scaling  for  deep 
explosions.  Consider  the  scaling  criteria  (7.5)  with  g  «  1  and 
pal.  Then 


(9.2) 


„l/4  1/4 


must  be  equal  for  the  full  scale  test  and  the  model. 


,  /*'  - 
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For  groat  dapths  tha  atmoapharic  praaaura  bacomas  nagligibly 
amall  whan  comparad  with  tha  hydrostatic  prassura.  In  this  casa 
both  of  tha  abova  raquiranants  ara  approximataly  aqual  and  can  ba 
satisfiad  in  a  fiald  tast.  For  axampla,  if  ws  assuma  that  33  can 
ba  naglactad  in  comparison  with  500,  an  axplosion  of  10  Xt  at  a 
dapth  of  5000  ft  could  ba  scalad  by  an  axplosion  of  1  t  at  500  ft. 

Obviously,  only  daap  axplosions  can  ba  ecalad  by  this  mathod; 
in  modarata  and  in  shallow  dapths  it  fails  conplatalyt  A  10  Xt 

I, 

axplosion  at  a  dapth  of  500  ft  would  requira  a  firing  dapth  of  j 

.1 

50  ft  for  tha  1  t  modal.  Hare,  33  ft  cannot  ba  ignored  in 
comparison  with  D.  This  shows  that  free  fiald  scalir^  of  gravity 
affects  is  impossible  for  such  conditions.  (Speculations  have 
bean  made  as  to  whether  O  or  33  ft  0  would  give  a  batter 
simulation,  if  either  criterion  of  (9.2)  is  used  by  itself.  This  i 

question  can  ba  answered  by  modal  tests  in  tanXa.  Such  tanXs  ; 

> 

%fould  also  demonstrate  tha  deviations  in  tha  phanonana  due  to  tha 
lacX  of  sisdlituda.  If  Z  a  33  ft  o  is  used  in  (9.2)  (which  is 
probably  the  preferable  alternative)  negative  values  may  result 
for  tha  modal  firing  depth.  Such  a  result  is  a  clear  demonstra¬ 
tion  that  model  testa  are  impossible).  , 

» 

When  the  above  method  is  applicable,  tha  effect  of  condensa¬ 
tion  of  water  which  occurs  in  nuclear  explosions  can  be  ' 

i 

approximately  studied.  Since  tha  pressure  at  the  point  of  ^ 

explosion  is  different  for  the  model  and  the  full  scale  experiment, 
the  Thoma  numbers  are  not  equal,  and  such  phenomena  ara,  1 

strictly  speaXing,  not  scalad.  However,  approximate  scaling 
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•MM  to  b«  possible  and  can  bo  baaod  on  tho  following  arguaontt 
Tho  Mat  Intoroating  phaao  of  tho  condonaation  oecura  at  tho 
bobblo  adniawon  whoro  a  aubotantlal  portion  of  tho  atoam  inaldo 
tho  bobblo  la  condonaod.  Cooling  and  condonaation  aro  a  roault 
of  tho  adxlng  of  tho  aaA>lont  tfator  with  tho  contonta  of  tho 
bobblo.  Thla  adxlng  la  a  conaoquonco  of  tho  inatabillty  of  tho 
bobblo  Intorfaco  and  of  tho  Invoralon  of  tho  bubble,  and  it  la 
a  part  of  tho  hydrodynaade  procoaaoa  which  aro  acalod.  Thua. 
oxploalwoa  idilch  have  water  vapor  aa  prodoalnant  reaction 
producta  coold  bo  oaod  to  aiaulato  not  only  tho  bubble  nlgratlon 
of  deep  nuclear  oxploaiona.  but  alao  tho  condonaation  In  tho 
bubble  aiiniaaiai  and  tho  corroaponding  raductlon  of  bubble  energy. 
9.S  Tho  Kodueod  Proaauro  Tank.  Strictly  apoaklng.  BK>dol  toata 
In  a  rodocod  proaauro  tank  require  a  different  oxploalvo  for 
each  acallng  condition  ao  that  tho  proper  Mlninun  bubble  radlua 
la  attained.  Tho  tank  ahould  bo  filled  with  oil  to  avoid 
boiling  at  tho  biibblo  interface.  Such  oxploalvoa  have  not  yet 
boon  developed  and  boiling  haa  boon  utilized  In  tho  paat  for  tho 
•calJng  of  tho  bubble  alalanai. 

Tho  weight  of  tho  Mdol  charge  la  uatially  fixed,  bocauao  of 
tho  atrongth  of  tho  tank  and  expediency  In  fabrication  and 
•torago.  Zf  a  TVT  oxploaion  in  aoa  water  la  atudlod  by  noana  of 
a  load  azldo  charge  and  If  tho  tank  la  filled  with  froah  water, 
tho  acallng  analyala  procooda  aa  followai 
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Seal*  factors 

Oanaity  ?  •  33/34 

Gravity  5  ■  1 

(B)  Conditiona  of  Modal  Teat  to  ba  Calculatad 
Coatpara  Equation  (8.17) 


Langth  Sea la  Factor 


w  J-*  gp 


(^)  Cl:)  rbi 


Rydroatatic  Haad  of  Modal  (ft) 

ii  ^ 

■  g  p  •  Cy 

Firing  Oai»th  in  Tank  (ft) 

(a)  ^  D,  or  alta'-nativaly 

Oapth  of  Watar  Balow  Modal  CSiarga  (ft) 

-  1  H 

Air  Praaaura  in  Tank  (in  ft  of  fraah  watar) 
B  ■  Z  -  g  p  D 


Maxiauai  Bubbla  Radiua  (ft) 


*1UX  .  - 

Watar  tanparatura  in  tanks  Raad  froai  Flgura  9.4  for  tha  , 

glvan  valuaa  of  *nd  A^^ 
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Iterations  or  graphical  methods  must  be  used  for  the  computation 
of  the  scaling  parasMters*  since  J.  and  K  depend  on  Z.,  0., 

V  H  B  M 

Nax  m'  and  temperature  %fhich  are  not  Xnown  beforehand. 

If  boiling  on  the  bubble  surface  is  utilized  to  scale  the 
minimum  radius,  ^  usually  far  from  unity.  Two 

alternatives  may  be  used  as  discussed  in  Article  8.8.  They  are 
listed  above  under  "firing  depth  in  tank".  Alternative  (a) 
establishes  geometric  similitude  of  the  bubble  with  respect  to 
the  water  surface,  hence  exact  similitude  of  the  surface  effects. 
However,  there  is  no  similitude  of  the  pressure  distribution  in 
the  water  irfhich  %rauld  require  that  ■  1.  Alternative  (b) 

assures  sisiilitude  of  the  pressure  distribution,  but  sacrifices 

I  that  of  the  bubble  geometry.  The  latter  alternative  is 

preferable  for  deep  explosions,  where  the  surface  effects  are 
small.  The  first  alternative  is  useful  for  shallcsr  explosions, 
%rhere  surface  effects  are  important,  but  where  the  scaling  of 
I  the  pressure  between  bubble  and  trater  surface  may  be  neglected. 

t 

I  For  alternative  (a)  (gemaetric  similitude)  the  surface  correction 

I  terms  S  and  S '  cancel. 

i  IB 

I  For  nuclear  explosions  the  scaling  analysis  proceeds  in  an 

entirely  analogous  vmy,  if  the  THT  equivalent  is  usedt 

W  •  1.65*10®*Y. 

This  equivalent  assures  scaling  of  the  maxlanjm  bubble  radius  and 
the  bubble  period.  For  the  ratio  of  the  minimum  and  Mxlmum 
radii  the  relation  for  nuclear  explosions  nnxst  be  Inserted 
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WNttx  -  0.022 

Th«  praasurs  raduction  naadad  for  tha  acaling  of  nuclaar  axplo> 
alona  is  oftan  so  graat  that  watar  cannot  ba  usad  In  tha  taat 
tank.  For  Inatanca,  if  it  is  attaaptad  to  study  a  nuclaar 
axploaion  at  a  dapth  of  500  ft.  i  would  ba  1/500  for  a  modal 
dapth  of  1  ft.  Tha  praasura  raduction  is  approxinataly  aqual  to 
X,  hanca  about  1/500.  At  such  a  low  praasura  watar  boils 
strongly  avan  at  fraasing  tamparatura.  (Vapor  praasura  at  32*F 
is  0.0063  atm.) 

It  tha  tank  is  fillad  with  oil.  boiling  can  ba  pravantad. 

Tha  daviations  frcai  unity  of  than  ara  accaptably  sauill. 

but  tha  scaling  of  tha  adnianai  radius  anist  ba  achlavad  by 
suitabla  axplosivas.  As  discussad  in  Articla  8.9,  scaling  of 
tha  buUbla  ■inimusi  is  laiportant  and  should  not  ba  omlttad  if 
battar  than  sMra  quail tatlva  rasults  ara  daslrad.  (Such  hardly 
aoeaptahla  scaling  has  baan  callsd  ” two^crltaria”  acaling.) 

Tha  dlffarant  danslty  of  oil  can  ba  raadily  accountad  for  by  tha 
danslty  seals  factor  p. 

Tha  condansation  phanoanna  of  nuclaar  axploslon  bubblas 
cannot  ba  scalad  In  a  raducad  praasura  tank.  Nadia  hawing  tha 
▼apor  praasura  and  tha  haat  of  vaporisation  naadad  for  siallitnda 
ara  not  known.  Staaai  producing  charges  cannot  slanilata  tha 
condansation  phanoawna  bacausa,  at  tha  low  prassuras  nacassary 
for  acaling.  watar  is  elosa  to  or  bayond  tha  boiling  point  and 


130 


KOLTR  63-257 


ataaa  will  not  condonso. 

Xt  nuat  ba  raawadaarad  that  tha  4th  root  acaling  law  which 
ia  appliad  in  tha  raducad  praaaura  tank  ignoraa  tha  affact  of 
ccapraaaibility.  Sinca  thin  affact  bacoMa  noticaabla  naar  tha 
bubbla  ainianiai,  corraet  acaling  of  tha  bubbla  pulaation  cannot 
ba  axpactad  bayond  tha  firat  cycla.  At  tha  and  of  thia  cycla 
tha  bubbla  pulaa  ia  aadttad  and  carriaa  away  a  carta  in  aa»unt  of 
anargy.  In  a  raducad  praaaura  tank  thia  anargy  aaiiaaion  ia  not 
acalad.  Tharafora*  tha  anargy  of  tha  aacond  cycla  pulaation  ia 
diffarant  for  tha  laodal  and  tha  full  acala  taata.  Fortunately , 
tha  anargy  radiation  by  tha  bubbla  pulaa  ia  aavll  for  adgrating 
bubblaa  and,  aa  a  crude  approximation,  thia  affact  nay  ba  ignored. 
9,6  Tha  High  Oravitv  Tank.  For  a  teat  tank  which  can  ba 
accelerated  at  tha  time  of  tha  axploaion,  two  paraaMtara  can  ba 
utiliaad  for  acaling,  naamly  tha  nodal  "gravity**,  g^and  tha  air 
praaaurm  B^.  Sinca  boiling  doaa  not  occur  in  a  high  gravity 
tank,  tha  water  taaqparatura  ia  irrelevant*. 

(A)  Given  Macnitudaat 

Sana  aa  for  tha  raducad  praaaura  tank  except  for  g  idiich 
ia  not  unity.  Since  there  ia  no  boiling  tha  coafficianta  for 
tha  naxinun  radiua,  J,  period,  K,  and  nininun  radiua,  H,  can  ba 
directly  introduced.  For  lead  aaida  wo  have  according  to  (8.2) 
and  (8.14) 

*  This  is  evident  from  Figure  9.2.  There  the  firing  depth  must 
be  multiplied  with  9_/9«  Commonly  g_/g  will  be  at  least  50  or 
higher.  Thus,  1  ft  "actual  firing  depth  would  correspond  in 
Figure  9.2  to  an  equivalent  firing  depth  of  50  ft  which  is 
outside  the  range  of  boiling. 
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J  -  3.18 

■ 

*St  “  ’*29 

M.  -  0.026 

B 

(B)  Condition  of  Mod«l  T««t  to  h*  Calculated 
Coaparo  Equation  (8.9) 

Bydroatatic  Raad  o£  Modal  (£t)  ^  5”  ) 

J_  ^  w  .  1/3 

Langth  Scala  Factor  ^  "  j“  v  w“  2”  ) 

IS 

Firing  Dapth  in  Tank  (ft)  >  X  D 

Dapth  of  Watar  Balow  Modal  H  >  X  H 

Charga  (ft) 


Air  Praaaura  in  Tank  (ft) 


Accalaration  of  Tank 


®»  -  -  9  ^ 


9  z  ^  J  ^  0,2  X  p 


Slnca  no  boiling  occurs  J  !■  usually  closa  to  unity. 

Tharafora,  only  altarnativa  (a)  of  Articla  9.5  is  considered  and 
the  correction  term  for  the  water  surface  is  omitted. 

Assusw  that  the  minimum  radius  coefficients  are  equal t 
H  ■  further  assume  J_K/K^  J  •  1,  p  -  1,  and  C_ 

B  B  B  r 

the  following  i^imple  relations  hold 


■  1.  Then 
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(9.3) 


fa 

z 


•  n  •  1 


c  V 

^  w  ,3  J 


W  J‘ 


9«  -  9/^ 


Th«a«  scaling  criteria  correspond  exactly  to  those  of  the  cube 
root  scaling  rule.  This  means  that  not  only  the  bubble 
phenomena,  but  also  athodk.  wave  effects  are  correctly  scaled, 
if  ■  J.  Since  the  pressure  scale  factor  n  is  unity,  Thona's 
similitude  criterion  is  satisfiadi  The  vaporization  and 
condensation  processes  of  nuclsar  explosions  will  be  correctly 
reproduced  if  the  model  explosive  generates  a  steam  bubble. 

Since  the  acceleration  %diich  a  test  tank  can  withstand  is 
obviously  limited,  this  favorable  picture  cannot  always  be 
realized.  In  sosm  cases,  g^^as  obtained  from  the  scaling 
relations I will  be  found  to  be  beyond  the  highest  value  for 
which  the  tank  is  designed.  In  this  case  the  relations  listed 
for  the  reduced  pressure  tank  must  be  used.  Inserting  the 
maximum  value  of  the  gravity  scale  factor  g  cbtainable.  Scaling 
then  requires  reduction  of  the  air  pressure.  Since  boiling  does 
not  occur,  the  resmrks  for  an  oil  filled  tank  apply  here  with 
respect  to  the  scaling  of  the  bubble  minimam. 


9,7  Co«parl«on  of  Scaling  Accuracy  In  High  Gravity  and  Reduced 

Tank.  A  high  gravity  tank  paraita  tha  acaling  of  alaoat 


all  undarvatar  axplosion  affacta,  if  tha  tank  can  attain  tha 
raquirad  accalaration.  Sea lad  ara 


ahock  wava  a f facta  i 

cavitation  , 

bubbla  bahavior 

praaaura  affacta  targata  by  ahock  wava  and 
bubbla  pulaa 

condanaation  and  avaporation  procaaaaa  of  nuclaar  1 

axploaiona 

Initial  conditiona  of  apray  doBM  and  plumaa 
Tha  acaling  raquiraa^nta  for  tha  bubbla  bahavior  can  ba  alnoat  •> 


ideally  aatlafiad.  Cavitation  froai  ahock  wava  interaction  with  ^ 

water  surface  can  ba  only  studied  at  a  modal  scale  in  such  a  ' 

* 

tank.  Tha  aaaa  holds  for  tha  combined  action  of  shock  wava  and 

I 

bubbla  pulse  against  targets. 

Difficulties  encountered  with  a  high  gravity  tank  arai 
wall  affects 

r 

surface  tension  of  tha  liquid  in  the  test  tank 
and  tha  viscosity  of  tha  gaseous  medium  in  the 
tank  spoil  the  scaling  of  spray  dome  and  pluatea. 

Suitable  liquids  prc^ably  do  not  exist.  The 
proposal  has  been  made  to  cover  the  water  with  a 
thin  sheet  of  plastic  and  spread  a  layer  of  finely 
divided  solids  above  it.  This  may  give  a  better 
reproduction  of  the  surface  phenomena. 

It  the  tank  cannot  withstand  tha  required  acceleration,  a 

coatbination  of  acceleration  and  reduced  pressure  may  be  used.  I 
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A*  shown  by  ons  of  ths  squstlons  of  (8.9),  ths  product  of 
sccslsratlon  and  prsasura  reduction  detarainss  ths  length  scale 
factor.  Thus,  if  a  length  scale  factor  X  ■  It 200  can  be  obtained 
in  a  high  gravity  tank  with  ataospheric  pressure  above  the  water, 
a  pressure  reduction  of  only  It  10  decreases  X  to  It 2000.  Since 
this  is  fourth  root  scaling,  only  bubble  phenomena  are  scaled 
exactly.  As  in  field  tests,  approximate  scaling  of  the  condensa¬ 
tion  of  steam  at  the  bubble  minimum  is  possible,  as  discussed  in 
Article  9.4. 

nie  reduced  pressure  tank  filled  with  water  permits  a 
fairly  accurate  scaling  of  the  bubble  motion,  if  controlled 
boiling  is  introduced  for  the  scaling  of  the  bubble  atinisium. 
Accuracy  suffers  sosMwhat  if  more  than  one  cycle  of  the  bubble 
pulsation  is  considered.  The  method  cannot  be  used  for  most 
nuclear  explosion  conditions.  Also  it  is  not  possible  to  scale 
the  vaporization  and  condensation  processes  of  such  explosions. 

A  fairly  accurate  scaling  of  bubble  phenomena  is  possible 
in  a  static  tank  filled  with  oil,  if  explosives  which  scale  the 
bubble  minimum  %rere  available.  However,  there  exists  a 
formidable  problem  in  the  development  of  explosives  or  explosion 
sources  (like  sparks)  which  satisfy  this  scaling  requirement. 

9.8  Oeacription  of  Typical  Test  Tanks.  Figure  9.6  is  a  photo¬ 
graph  of  the  NOL  reduced  pressure  tank.  The  drawing.  Figure  9.7, 
shows  its  principal  dimensions.  The  36  in,  x  18  in  observation 
and  illumination  windows  consist  of  1  in  tempered  plate  glass. 
These  windows  can  withstand  an  explosion  of  about  2.5  gram  lead 
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•sid*  charges  fired  underwater  at  a  distance  of  31  in.  (The 
routine  charge  %reight  for  this  tank  is  0.2  gram.)  Lucite  plates 
were  found  to  be  stronger,  but  optically  inferior.  They  are 
suitable  for  the  illumination  windows  only. 

The  window  arrangement  is  for  back  lighting.  The  illumina¬ 
tion  window  is  covered  with  a  diffusion  screen  and  a  bank  of 
flood  lights  or  flash  bulbs  is  placed  behind  it.  The  duration 
of  the  light  pulse  from  coBSMrcial  flash  bulbs  is  sufficiently 
long  to  cover  a  major  portion  of  the  bubble  pulsation.  Usually, 
several  sets  of  flash  bulbs  are  fired  in  succession  to  illuminate 
all  cycles  of  the  bubble  pulsation.  Flood  lights  are  loss  intense 
and  require  faster  filsM  or  greater  lens  openings.  However,  the 
ctimbersoete  replacement  of  bulbs  is  avoided. 

Back  lighting  has  proven  to  be  highly  satisfactory  for  the 
study  of  explosion  bubbles.  The  pictures  do  not  show  the  bubble 
as  a  mere  shadow,  but  also  show  the  internal  details  of  the 
structure  of  the  bubble  and  the  inversion  at  che  minimum.  The 
porthole-like  windows  seen  in  Figure  9.7  permit  front  lighting, 
but  have  rarely  been  used. 

The  high  speed  movie  camera  is  the  most  important  instrumenta¬ 
tion  for  such  studies.  For  the  reduced  pressure  tank,  a  frequency 
of  1000  to  3000  frames  per  second  is  sufficient  to  give  good 
time  resolution.  There  are  several  types  of  such  cameras  available. 
They  are  well  kno«m  so  that  their  description  is  unnecessary.  An 
interesting  point  is  the  use  of  color  film  in  these  experiments. 
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Wh«n  proj«et«d  on  th«  scroon,  th«M  films,  surprisingly,  show 
mors  dstails  than  black  and  whits  moviss  and  convsy  an  almost 
thrss  diaMnsional  picturs  to  ths  obsarvsr. 

Xt  is  difficult  to  dstsrmins  ths  momsnt  of  ths  bul^ls 
miniaum  from  a  movis  film  with  high  accuracy.  Piszoslsctric 
gaugss  %diich  rscord  shock  wavs  and  bubbls  pulsss  ovsr  a 
continuous  tims  basis  ars  oftsn  ussd  to  msasurs  ths  bubbls 
psriods. 

Bubbls  scaling  in  a  stationary  tank  rsquirss  reduction  and 
control  of  prsssurs  and  control  of  ths  water  tsmpsratxirs.  For 
this  purpose  considerable  suppleswntary  equipment  is  needed. 
Since  crystal  clear  water  is  essential  to  obtain  good  pictures, 
a  water  filter  or  a  frequent  replacement  of  the  water  is 
necessary.  For  low  water  temperatures  the  water  in  the  storage 
tank  is  refrigerated.  The  test  tank  is  filled  with  cold  water 
and  the  shot  is  fired  when  the  water  has  warmed  to  rhe  desired 
temperature.  A  water  heater  in  the  storage  tank  is  used  for 
higher  temperatures. 

To  prevent  the  formation  of  air  bubbles*  during  the  test, 
the  water  must  be  deaerated.  Hammering  the  tank  with  a  motor 
driven  device  during  the  evacuation  process  while  lowering  the 

*These  air  bubbles  appear  on  the  walls  of  tlie  tank  and  on  the 
target  models  prior  to  the  test  as  well  as  near  the  bubble  inter 
face.  They  must  not  be  confused  with  the  cavitation  bxibbles 
caused  by  the  impact  of  the  shock  wave  on  the  window.  Figure  9.8 
The  cavitation  bubbles  disappear  faster  if  the  water  is  well 
degassed. 


Figure  9.8 

Cavitation  Bubbles  on  the  Tank  Window 

i 

I 

i 

In  the  evaluation  of  the  movie  films,  the  optical  refraction 

»  * 

i  of  the  light  ray  when  it  passes  from  the  air  into  the  water  must 

j  be  accounted  for.  A  practical  way  to  do  this  is  to  maXe 
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photographa  of  acalaa  placad  in  tha  objact  plana  and  to  uaa 
thaaa  acalaa  in  tha  avaluation. 

Figura  9.9  ahova  tha  tank  «diieh  ia  uaad  in  tha  NOL  high 
gravity  axploaion  taata.  Tha  tank  ia  mountad  horitontally  insida 
tha  fairing  on  ona  and  of  tha  am  of  tha  cantrifuga  which  waa 
daaignad  by  R.  S.  Prica  (MOL).  (Figura  9.10)  Tha  arrangamant 
of  tha  obaarvation  and  illuaiination  windowa  ia  analogoua  to  that 
of  tha  raducad  ptmmmurm  tank.  Windowa  ara  of  1-1/4  in  tamparad 
Plata  glaaa.  Tha  caanra  tdtich  rotataa  with  tha  tank  ia  locatad 
naar  tha  axia  of  tha  cantrifuga  and,  thua.  ia  not  aubjactad  to 
high  acealarationa.  Aa  in  tha  atationary  tank,  acalaa  ara  placed 
in  tha  plana  of  tha  axploaion.  Thia  obviataa  complex  correctiona 
due  to  tha  diatortion  of  the  window  under  great  praaaura.  The 
photographa  ara  aiada  through  a  mirror  in  such  a  way  that  tha 
plana  of  tha  picture  taken  ia  perpendicular  to  tha  plane  of 
rotation.  Sideward  bubble  migrations  caused  by  Coriolis  forces 

ara  not  visible  in  such  an  arrangement. 

Tha  affect  of  tha  rotation  on  tha  migrating  bubbla  has  bean 

studied  axparimantally  by  Price  (1962)  and  theoretically  by 
8nay  (1962).  Tha  rotation  of  the  tank  not  only  deflects  the 
migration  in  tha  plana  of  rotation,  but  also  changes  tha  amount 
of  tha  "upward"  migration  and,  thus,  introduces  a  systeauitic 
error.  This  error  is  small,  if  a  slowly  rotating  cantrifuga 
having  a  long  am  ia  employed. 

Tha  air  praaaura  in  a  high  gravity  tank  anist  be  controlled 
according  to  tha  scaling  conditions.  Deaeration  is  usually  not 
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Th«  picture  ehowe  the  central  portion  of  the  streamlined  arm.  The  centrifuge  ia 
driven  by  15  truck  motors  of  200  HP  each.  The  power  is  transmitted  to  the  shaft  of 
the  centrifuge  through  the  standard  automatic  transmission,  the  rear  axis  turned 
vertically,  differential,  and  tires. 
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n«c«ssaxy«  Sine*  boiling  dooa  not  occur  at  tha  bubble  intor£aca« 
control  of  tha  tanparatura  la  unnacaasary  ao  long  aa  axcaadlngly 
high  taaparaturaa  ara  avoided. 

Bacauaa  of  tha  great  hydroatatlc  praaauraa  occurring  In  an 
accelerated  tank,  tha  buU>la  par lode  ara  abort.  Movie  cameraa 
about  ten  tines  aa  fast  as  those  sufficient  for  reduced  pressure 
tanks  are  needed  for  the  high  gravity  tank. 

9.9  Sunnary.  There  are  three  practical  difficulties  In  nodel 
teats  on  bubble  behavior t  The  requlrenents  of  equality  of  X/J 
and  thirdly,  the  effect  of  the  tank  wall. 

An  approximate  method  to  account  for  the  wall  effect  Is  to 
Introduce  the  period  of  the  confined  bubble  pulsation  Into  the 
scaling  criteria  at  all  those  places  which  refer  to  the  nodel. 

For  most  explosives,  X/J  haa  about  the  sane  value.  Also, 

Ita  dependence  on  pressure  is  weak.  Hence,  a  fairly  accurate 
satisfaction  of  the  X/J- requirement  appears  to  be  possible. 

However,  In  a  reduced  pressure  tank  water  bolls  at  the  bubble 
Interface  at  the  tines  of  the  bubble  maximum.  This  boiling 
changes  the  ratio  X/J  so  strongly  that  no  possibilities  are  seen  of 
satisfying  this  requirement.  On  the  other  hand,  boiling  changes 
the  ninlnun  bubble  radius  so  that  this  scaling  requirement  can  be 
satisfied  -  sinply  by  raising  the  water  temperature  in  the  tank 
to  an  appropriate  value. 

If  the  reduced  pressure  tank  is  filled  with  liquid  of  low 
vapor  pressure,  boiling  can  be  prevented.  Then,  the  X/J- 
requlreBMnt  can  be  readily  satisfied.  But,  special  explosives 
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(which  arm  not  y«t  dovolopod)  ar«  n««dod  to  achievo  th«  important 
aiaiilitud*  of  tha  minimuai  bubbla  radius. 

For  ths  high  gravity  tank,  both  rsquiromsnts  can  bs  readily 
satisfied ,  so  long  as  the  acceleration  required  does  not  exceed 
the  upper  limit  which  the  tank  can  attain.  (Hera,  bubbla 
phenootena  are  essentially  scaled  by  tha  cube  root  law.)  Beyond 
this  point  a  reduction  of  the  air  pressure  is  needed.  This  again 
requires  special  explosives  to  satisfy  the  minimum  radius 
criterion. 
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X.  FIELD  MODEL  TESTS  ON  SURFACE  PHENOMENA  AND  CRATERING 

Undarwatar  axploalon  phanonana  laad  to  a  graat  nunbar  of 
eomplax  procaaaaa  at  tha  boundariaa  of  tha  watar.  Only  a  faw  of 
thasa  (a. 9.  cratarlng)  land  thamaalvaa  to  modal  tasts  in  tha 
laboratory,  -namaly,  in  tha  high  gravity  tank.  It  ia  tha  objactiva 
of  thia  aaction  to  diacuaa  tha  poaaibilitiaa  of  modal  taata  in 
tha  fiald  (i.a.  modal  axparimanta  in  opan  watar)  and  to  ahow  tha 
raaaona  «fhy  in  moat  caaaa  aijailituda  cannot  ba  achiavad .  Only 
problama  of  acaling.  i.a.,  tha  proapacta  of  obtaining  diract 
quantitativa  information  which  partaina  to  tha  full  acala 
condition, ara  tha  pointaof  intaraat.  Tha  varioua  procaaaaa  will 
ba  diacuaaad  only  aa  far  aa  nacaaaary  for  an  undaratanding  of  tha 
conditiona  of  ainilltuda. 

10,1  A  Simpla  Scaling  Rula  for  Fiald  Taata.  Thara  ia  a  rala- 
tivaly  aimpla  way  to  obtain  a  faaling  aa  to  whathar  modal  taata 
of  undarwatar  axploalona  mada  in  tha  fiald  ara  proniaing.  It 
muat  ba  raaMfld>arad  that  only  cuba  root  acaling  can  ba  raadily 
appliad  in  fiald  taata,  alnca  tha  praaaura  raduction  of  tha 
atawaphara  raquirad  by  tha  fourth  root  law  cannot  be  raalixad. 
Tharafora,  tha  point  of  prima  importanca  ia  to  aacartain  tha  rola 
of  gravity  9,  viacoaity  *,  and  aurfaca  tanaion  C.  ainca  thaaa 
a f fact a  ara  not  acalad  by  tha  cuba  root  law.  If  ona  could  ba 
aura  that  thaaa  phyaical  affacta  play  a  minor  part  in  tha  procaaa 
of  intaraat,  cuba  root  acaling  could  ba  uaad  with  confidanca. 
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Th«  k«y  to  this  typs  of  scsling  analysis  lias  in  ths 
appraisal  of  ths  "importancs"  of  ths  sffscta  nsntionsd  abovs. 

Thsrs  ars  ti#o  ways  to  do  thist  (A)  Writs  down  a  mathsmatical 
aquation  which  adsouatslv  dsscribss  ths  procsssss  of  intsrsst. 

Zf  nsithsr  q,  ».  nor  C  occur  in  this  aquation,  cubs  root  scaliitg 
is  appropriats.  (B)  Ths  ascond  possibility  rsfars  to  ths  nsntal 
procsas  «diich  prscsdss  ths  writing  of  ths  aquation,  naswly  ths 
slisdnation  of  thoss  factors  idiich  ars  not  of  prisM  inportancs. 

Zt  is  always  possibls  to  writs  down  Mthsnatical  aonstors  %«hich 
account  for  all  possibls  sffscta.  Zn  practice,  thass  ars  usslsssr 
in  thsorstical  atudiss,  thsy  cannot  bs  solved.  For  ths  scaling 
analysis,  thsy  yield  ths  result  that  ths  seals  factors  ars  unity, 
i.s.,  only  full  seals  tests  will  account  for  all  of  these  affects. 
Zt  is  ths  judicious  selection  of  ths  essential  physical  parameters 
and  ths  oaiission  of  ths  unnecessary  ones  which  aaks  a  good 
theory.  Ths  same  typs  of  judgsawnt  is  necessary  to  obtain  an 
insight  on  ths  validity  of  scaling  rulss.  Once  this  judgement  is 
obtained,  it  is  not  necessary  to  writs  down  an  equation  as 
suggested  abovs  under  (A) . 

Zt  requires  experience  and  skill  to  make  the  proper  selec¬ 
tion  of  the  physical  paraswters  and  this  process  is  certainly 
not  without  pitfalls.  (Compare  "Galloping  Gertie",  Article  1.2.). 
As  oftsn  as  not  an  important  point  will  be  overlooked  and,  conse¬ 
quently,  a  wrong  result  obtained.  This  holds  true  not  only  in 
scaling  and  theory,  but  in  the  design  and  execution  of 
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•xparinants,  as  wall  as  in  all  fialda  of  human  sndsavor. 

A  fsw  hints  may  bs  hslpfuX  in  ths  appraisal  of  ths  rols  of 
ths  physical  paraaMtsrst 

(a)  Gravity  is  important  if  ths  phsnomsna  ars  affsctsd  by 
buoyancy  or  hydrostatic  prsssurs.  0ns  must  always  bs  suspicious 
of  gravity  if  bubbla  motions  ars  involvsd.  As  svsrybody  knows, 
gravity  opposes  ths  upward  flight  of  a  frss  body  and  causss  it  to 
fall.  Rowsvsr,  gravity  is  not  important  if  the  procsss  is 

of  short  duration.  Gravity  rastoras  ths  slsvation  of  ths  water 
surface  and,  thus,  is  ths  prims  agent  causing  surface  waves. 

(b)  Viscosity  must  bs  considered  if  frictional  drag  affects 
the  process.  However,  in  som  cases  satisfaction  of  Reynolds* 
law  is  not  critical,  e.g.,  the  radial  motion  of  water  caused  by 
the  expansion  of  the  bubble  is  almost  unaffected  by  viscosity. 

Ths  spray  particles  and  ths  water  columns  rising  into  the  air 
are  subject  to  strong  drag  forces.  Here,  Reynolds'  number  must 
bs  expected  to  play  an  important  role. 

(c)  Surface  tension  depends  on  the  radius  of  curvature  of 
ths  liquid  surface.  It  is  effective  only  if  this  radius  is  small 
such  as  that  of  droplets  or  that  of  short  surface  waves  (ripples) . 
In  underwater  explosions,  surface  tension  together  with  viscosity 
governs  ths  spray  formation  of  unstAle  inter  faces. 

(d)  Ths  effect  of  vapor  pressure  has  been  discussed  in  ths 
preceding  paragraphs.  If  it  is  desired  to  scale  nuclear  explo¬ 
sives  by  msans  of  steam-producing  RE  charges,  the  implications 
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Of  Thona'a  similarity  critarion  must  ba  considarad,  as  shown  in 
Articlas  6.7  and  9.4.  Thoma's  similituda  critarion  is  conpatibla 
with  strict  Cuba  root  scaling. 

On  tha  basis  of  such  considaration,  it  is  oftan  possibla  to 
dacida  whathar  or  not  modal  tasts  of far  a  promisa  to  yiald  usaful 
quantitativa  Information.  Xf  anyona  of  tha  a f facta  cited  appears 
to  ba  important,  tha  prospects  of  cube  root  scaling  and,  hanca, 
those  of  tha  field  luodal  testa,  must  ba  considered  to  ba  dubious. 

A  vary  thorough  further  examination,  in  particular  oL  an  experi- 
BWntal  nature,  is  in  order  before  a  final  judgement  can  ba  made 
on  the  usefulness  of  such  small  scale  testa. 

10.2  Tha  Spray  De:pa.  Whan  tha  underwater  shock  wave  impinges 
on  a  smooth  water  surface,  tha  water  particles  are  instantaneously 
acealaratad  to  a  velocity  which  is  twice  tha  normal  component 
of  the  particle  velocity  of  tha  water.  Subsequently,  tha  water 
surface  is  decelerated,  becomes  unstable,  and  disintegrates  into 
an  upward  moving  water  spray. 

Tha  Mgnituda  of  tha  initial  surface  velocity  depends  on  tha 
peak  pressure  of  the  shock  %#ave.  The  practical  significance  of 
spray  dome  studies  is  that  this  velocity  allows  for  a  determination 
of  the  yield  of  the  explosion  if  the  firing  depth  is  known.  This 
velocity  is  scaled  by  the  cnibe  root  law,  but  tha  motion  is  also 
affected  by  the  degree  of  SBKX}thness  of  the  water  surface. 

According  to  G.  I.  Taylor's  theory  (1950),  interfaces  becosie 
unstable  when  tha  vector  of  acceleration  points  from  the  light 
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into  th«  heavy  Mdlun.  This  naans  a  water  surface  is  unstable 
if  accelerated  downward t  Small  original  irregularities  are  rapidly 
enhanced  aa  tiM  goea  on.  The  jets  into  which  the  crests  of  the 
original  ripples  on  the  water  surface  are  transformed  move  upward 
faster  than  the  average  %#ater  surface.  This  process  probably 
explains  the  discrepancies  observed  in  the  initial  spray  velocity 
of  nuclear  testa t  The  measured  velocities  were  higher  than  those 
calculated  from  measured  underwater  shock  wave  pressures.  These 
teats  were  conducted  in  the  ocean  and  the  water  surface  was  far 
from  ssKSOth.  Hence,  higher  spray  velocities  are  to  be  expected 
on  the  basis  of  Taylor's  theorem. 

For  essentially  ssMoth  surfaces,  viscosity  and  surface 
tension  come  into  play.  These  factors  have  first  of  all  a 
stabilising  effSet  upon  certain  wave  lengths.  Secondly,  they 
lead  to  the  phenomenon  of  the  mode  of  maxianim  instability  (Bellman 
and  Pennington  (1954)).  This  SMans  infinitesimal  disturbances  of 
a  certain  wave  length,  %>hich  depends  on  the  destabilising  accel¬ 
eration,  surface  tension,  and  viscosity,  show  the  fastest  growth. 

The  practical  significance  of  the  most  unstable  mode  is  not 
clear  today.  It  seems  that  actual  %rater  surfaces  produce  both 
types  of  jets,  those  which  stem  from  gross  surface  disturbancee 
(C.  I.  Taylor  typo)  and  those  from  the  wave  length  of  greatest 
instability  (Beilman-Ponnington  type) .  Obviously,  the  latter 
cannot  be  scaled  in  field  tests,  but  the  G.  I.  Taylor  typo  of 
jet  can  be  scaled,  if  there  is  geometric  similitude  of  the  surface 
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diaturbanc«a> 

Th«  accalaration  of  th«  wator  surfaca  ia  initially  govarnad 
by  tha  ahock  wava  impact  and,  latar,  by  bulk  cavitation  cauaad 
by  tha  raflaction  of  tha  ahock  trava  at  tha  watar  aurfaca.  Shock 
wava  phanoBMna  aa  wall  aa  tha  firat  phaaa  of  tha  bulk  cavitation 
can  ba  aealad  by  tha  euba  root  law.  Tha  cloaura  of  cavitation  ia 
affactad  by  gravity  and  cannot  ba  aealad  in  fiald  taata  (aaa 
Figura  3,2).  Bot#avar,  thia  procaaa  doaa  not  appraciably  affact 
tha  fonsation  of  tha  apray  doaM. 

To  acala  tha  initial  phaaa  of  cavitation,  tha  baaic  raquira- 
awnt  of  matariala  of  idantical  propartiaa  in  tha  nodal  and  tha 
full  acala  nuat  ba  carafully  Obaarvad,  l.a.,  tha  watar  muat 
aahibit  tha  aana  cavitation  paranatara.  Thia  maana  tha  braaking 
praaaura  of  watar  and  tha  cavitation  praaaura  nuat  ba  tha  aana. 

Thaaa  paraiMtara  nay  vary  conaidarably  for  diffarant  aamplaa  of 
«ratar  dapanding  on  tha  purity  and  tha  aawunt  of  diaaolvad  gaaaa. 

Banco,  in  principla,  modal  taata  concaminq  tha  G.  I.  Taylor 
typo  of  jata  ara  poaaibla,  if  pracautiona  ara  takan  to  aaauro 
ainilituda  of  tha  aurfaca  diaturbancaa  and  cavitation  paranatara. 

(Tha  practical  raaliaation  of  thaaa  raquiramanta  might  ba  difficult.) 

Such  taata  would  covar  only  tha  G.  I.  Taylor  typo  of  jat  and 
not  tha  Ballnan-Pannington  jata.  For  thia  roaaon,  nodal  taata  of 
apray  doan  phanoawna  ara  of  littlo  practical  valuo  in  moat  caaaa. 

It  ia  further  aaan  that  tha  yield  dotarmination  fron  tha  initial 
apray  dona  velocity  may  lead  to  arronaoua  raaulta. 
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Although  tho  dotaila  of  tho  apray  fomation  (or  atoaULaatlon) 
tram  undorwatar  axploaiona  ara  not  undaratood  at  tha  tliM  of  thlo 
trnting.  tha  following  obaarvationa  aight  ba  of  Intaraati  Tha 
jata  foraiad  by  tha  aurfaca  inatabllity  diaintagrata  aubaaquantly 
into  droplata.  For  aaooth  surfacaa  Kallar  and  Kolodnar  (1954) 
corralata  tha  drop  diaa»tar  with  tha  wawa  langth  of  graataat 
inatabllity.  Tha  calculation  yialda  raaaonabla  drop  aiaaa  for 
RS  conditions,  but  apparently  too  largo  onao  for  nuclaar  axplo¬ 
aiona.  Thia  analyaia  is  analogous  to  tha  classic  casa  of 
Aaylsigh  (1878)  tdiara  tha  breakup  of  a  steady  j at  into  drops  is 
treated.  The  theory  holds  for  thin  jata,  but  not  for  larger  ones, 
say,  those  anarging  froa  a  fire  hoaa. 

Actually,  both  thaorias  ara  ovsraiaplifications.  Thera  is 
an  axtanaiva  literature  on  thia  subject  listed  in  Young's  account 
(1964) .  Zt  appears  that  tha  ssKliuii  into  tdiieh  tha  jet  moves  has 
an  important  affect  on  tha  atomisation.  Tha  viscosity  of  both 
madia  as  wall  as  tha  surface  tension  of  the  liquid  play  a  role. 

For  our  purposes  details  ara  not  important,  since  neither  Weber 
nor  Reynolds  number  can  ba  satisfied  in  conjunction  with  cube 
root  scaling. 

Zt  is  apparent  from  this  discussion  that  scaling  of  the 
spray  formation  in  field  modal  tests  is  not  promising.  0ns  may 
try  to  reduce  tha  surface  tension  in  tha  modal  by  tha  addition 
of  detergent -like  chaadcals  or  by  tha  use  of  different  liquids. 
Rowavar,  little  advantage  can  ba  gained,  because  none  of  tha 
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Mt^rialfl  kno%m  today  %#ould  produea  aufflciontly  larga  raductions 
to  aatiafy  Wabar*  a  sinilituda  raquiramant.  Also,  it  la  about 
aqually  difficult  to  adjuat  tha  viacoaity, 

Tha  latar  aiotion  of  tha  apray  doma  ia  affactad  by  air  drag, 
gravity,  and  tha  valocity  fiald  of  tha  air  blaat  wavaa.  Strictly 
apaaking,  cuba  root  acaling  ia  not  applicabla.  Howavar,  tha 
acaling  of  tha  action  of  watar  particlaa  through  tha  air  involvaa 
intaraating  problama,aa  will  ba  furthar  diacuaaad  in  Articla  10.5. 

10.3  Pluiaaa  and  Watar  Columna.  Tha  apactacular  avanta  which 
follow  tha  apray  doma  formation  ara  a  raault  of  tha  intaraction 
of  tha  pulaating  and  migrating  bubbla  with  tha  watar  aurfaca.  In 
tha  prcblam  of  acaling  of  auch  procaaaaa,  two  printa  muat  ba 
accountad  fori  (a)  Similituda  of  tha  driving  forca  (b)  Simili- 
tuda  of  tha  aubaaquant  davalopmant  of  thaaa  phanomana. 

For  driving  forcaa  which  atam  from  tha  motion  of  tha  bubbla, 
ona  might  ba  inclinad  to  dany  tha  poaaibility  of  acalad  modal 
taata.  Rara  a  furthar  axamination  of  tha  conditiona  of  intaraat 
ia  appropriata.  For  inatanca,  tha  aarly  bubbla  axpanaion  ia  not 
■Rich  affactad  by  gravity  and  aaaantially  followa  tha  cuba  root 
acaling  law.  Hanca,  cuba  root  acaling  may  ba  applicabla  to  cha 
aarly  phaaaa  of  ahallow  axploaiona,  daapita  the  fact  that  tha 
bubbla  ia  involved.  Howavar,  gravity  and  air  drag  affect  tha 
aubaaquant  raotiona  and  thia  will  advaraaly  influence  tha 
proapacta  of  acaling  of  field  modal  taata. 

10.4  Scaling  of  Blow-Out.  Ona  of  tha  procaaaaa  connected  with 


152 


NOLTR  63-257 


th«  early  phase  of  the  bubble  expanaion  ie  the  blow-out.  In 
shallow  explosions,  the  bubble  is  separated  from  the  air  by  a 
seal  or  a  sheet  of  %rater.  The  expanding  bubble  pushes  this  seal 
violently  upward.  If  the  explosion  is  shallow  enough,  the  seal 
is  ruptured  and  some  of  the  bubble  contents  are  ejected  into  the 
atmosphere  (Figure  10.1). 


Figure  10. 1 
Blow-Out 

Explosion  of  4,200  lb  TNT  near  Bikini-Baker 
condition.  The  right  hand  side  shows  a  moment  of 
tisM  shortly  before  the  maximum  column  development. 

This  process  has  an  important  bearing  upon  the  radiological 

effects  and  the  air  blast  from  nuclear  underwater  explosions. 

The  release  of  the  explosion  products  provides  a  condition  which 
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is  roughly  •quivalont  to  an  axploaion  In  air.  Zt  may  laad  to 
thormal  and  nuclaar  radiation  corraspondlng  to  that  of  a  fir# 
ball.  Zt  alao  providaa  an  additional  blast  sourcs  for  ths  shock 
wavs  in  air.  This  blast  will  bs  supsrpossd  on  ths  prsssurs  «ravs 
whicdi  is  transmittsd  frost  ths  %ratsr  into  ths  air  through  ths 
motions  of  ths  spray  doam.  watsr  column,  stc.  Hsithsr  of  thsss 
hypothssss  is  convincingly  sstablishsd  today  and  this  shows  ths 
isiportancs  of  furthsr  studiss  for  clarification.  Modal  tssts 
will  play  an  important  rols  in  thsss  studiss. 

Blow-out  bscams  of  particular  intsrsst  whsn  it  tucnsd  out 
after  Operation  Hardtack  (Test  Ua^rslla)  that  thsrs  %Mrs  serious 
discrepancies  between  air  blast  data  from  HZ  modal  tssts  and  ths 
full  scale  nuclear  test  result.  One  may  bs  inclined  to  attribute 
thsss  discrepancies  to  ths  occurrence  of  blow-out  in  the  model 
test  and  the  absence  of  this  ^enomenon  in  the  full  scale. 

Classical  hydrodynamics  cannot  describe  the  rupture  of  the 
sealt  As  the  bubble  expands,  the  seal  becomes  thinner  and 
thinner  but  remains  intact.  The  bubble  pressure  decreases  with 
the  expansion  of  the  bubble  and  would  finally  drop  below  the 
atsnspheric  pressure.  The  seal  %#ould  movm  more  and  more  slowly 
and  finally  reverse  its  motion.  On  this  basis,  there  trould  be 
no  blow-out.  The  hydrodynamic  process  which  in  actuality  loads 
to  the  rupture  of  liquid  layers  stems  from  the  loss  of  iTcability. 
The  Taylor  stability  criterion  is  applicable  in  this  case  slso. 
There  are  always  ssmll  irregularities  on  the  bubble  interface 
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and  tha  %fatar  aurfaoa,  tdtlch  ara  groasly  anhancad  If  tha  aurfaea 
bacoawa  unatabla.  Mlnuta  craata  davalop  Into  jata  ahi«di  aprlng 
up  froai  tha  aurfaea.  alsilarly  to  tha  formation  of  tha  apray  doaw* 
Tha  trouqha  bacoaM  daap  notchaa  which  invada  tha  watar  ahaat  and 
may  antiraly  panatrata  It. 

Blow-out  may  raault  from  an  inatabillty  of  althar  tha  bubbla 
,  intarfaca  or  %fatar  aurfaea.  Thaoratical  calculatlona  indieata 

that  cravicaa  which  laad  to  blow-out  probably  orlglnata  on  tha 
bubbla  intarfaca.  Howavar.  thia  ia  not  cartain ,  but  knowladga 
of  tha  axact  machaniam  ia  not  aaaantlal  for  acaling. 

According  to  thaaa  conaidarationa,  tha  factor  of  prima 
importanca  ia  tha  accalaratlon  of  tha  bubbla  intarfaca  and  of 
|l*  tha  watar  aurfaea.  Cuba  root  scaling  will  corractly  raproduea 

not  only  thaaa  accalarations,  but  also  tha  flow  procaaa  which 
rasults  from  tha  amplification  of  original  diaturbancas.  so  long 
as  gravity  can  ba  ignorad.  (In  cubs  root  scaling  modal  tasta 
accalarations  will  ba  incraasad  by  valoeitiaa  will  ba  agual, 
and  displacamants  raducad  by  X.)  Sines  blow-out  occurs  at  tha 
momant  of  tha  aarly  bubbla  axpansion  ona  may  argua  that  gravity 
is  of  sacondary  importanca.  It  is  wall  known  froai  thaory  and 
obsarvations  that  tha  affact  of  gravity  is  small  for  tha  aarly 
phasaa  of  tha  bubbla  axpansion.  This  moans  that  blow-out  would 
ba  scaled  by  tha  cubs  root  law,  if  tha  other  factors,  namely 
viscosity,  surface  tension,  and  vapor  pressure,  can  ba  excluded. 
Of  course,  tha  initial  disturbances  must  ba  gaaoMtrlcally  similar 
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on  tho  surfaco  as  t#all  as  on  ths  bubbls  Intsrfacs. 

Tbs  validity  of  this  statssMnt  can  bo  hardly  doubtsd,  but 
ths  asanlng  of  ths  tsm  "sarly*  is  Isft  opsn.  Rcwsvsr,  thsorst- 
ieal  calculations  indicats  indssd  that  gravity  doss  not  noticsably 
affSct  ths  bubbls  notions  during  thoss  psriods  of  tins  %#hsrs  blow¬ 
out  occurs. 

2t  has  bssn  shown  in  Article  10.2  that  surface  tension  and 
viscosity  play  a  role  in  ths  development  of  ths  crests  and  troughs 
of  an  unstable  surface  if  it  is  Initially  “snooth*.  Xf  this 
concept  were  applicable  to  the  bubble  Interface,  the  inpossibility 
of  satisfying  Weber's  and  Reynolds*  siailitude  could  lead  to 
failure  of  the  scaling  of  blow-out.  In  the  simplified  case  where 
only  surface  tension  is  considered,  the  wave  length  of  greatest 
instability  is,  according  to  Bellnan  and  Pennington  (1954) 

r  3c 

wave  length  -  2n  ■^r7r'"p,l -I 

where  C  is  the  surface  tension,  s**  the  acceleration,  P  the 

density  of  %rater,  and  p^  is  the  density  of  air.  If  -s**  »  g  so 

that  gravity  can  be  ignored  and  if  the  surface  tensions  and 

densities  are  e<iual,  the  wave  length  is  inversely  proportional 

to  the  square  root  of  the  destabilising  acceleration*.  In  model 

tests  which  are  cube  root  scaled  the  acceleration  la  inversely 

proportional  to  X.  Thus,  the  wave  length  is  proportional  to  the 

square  root  of  the  length  scale  factor  X  and  not  proi)ortionaI  to 

X  as  it  should  be  for  similitude.  Hence,  for  "smooth"  surfaces, 

*  T^ie  minus  sign  appears  because  the  direction  of  s  **  is 
opposite  to  that  of  g. 
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th«  Initial  diaturbaneaa  ara  ralativaly  largar  for  amall  modal 
scalaa  and  tha  tandancy  to  blow-out  ia  graatar.  This  may  ba  in 
lina  with  tha  axparimantal  avidanca.  Howavar,  a  thorough  invaa- 
tigation  of  thia  problam  haa  not  baan  mada  ao  far  and  tha  abova 
concluaion  ia  a  tantativa  ona. 

Tha  raaaon  for  tha  failura  of  acaling  of  tha  air  blaat  of 

Taat  Umbralla  ramaina  unaxp^ainad  today.  Diaaimilarity  of  tha 
blow-out  procaaa  ia  only  ona  of  tha  many  poaaibilitiaa  which 
muat  ba  acrutiniaad  in  futura  atudiaa. 

10,5  Total  Haight  of  tha  Water  Column  from  Shallow  Exploaiona. 

Tha  water  maaaaa  thrown  into  tha  air  by  tha  apray  dome  and  tha 
aubaaguantly  developing  water  columns*  sra  eubjsctad  to  tha  pull 
of  gravity  and  to  air  drag.  Air  drag  ia  a  raault  of  viacoaity 
and  it  may  aaam  that  Raynolda*  aimilituda  criterion  ahould  ba 
obaarvad  and,  hence,  cube  root  acaling  would  ba  inapplicable  for 
thaaa  two  raaaona.  However,  axparimantal  raaulta  with  RE 
chargaa  indicate  that  tha  total  height  ia  proportional  to  the 
cube  root  of  tha  charge  weight,  if  tha  firing  depth  ia  acalad 
according  to  tha  cube  root  rule. 

Wa  will  uaa  a  crude  analyaia  to  examine  tha  raaaona  under¬ 
lying  thia  unexpected  raault.  Aa  a  rough  approximation,  wa  aaatuna 
that  tha  dacalaratlon  H**  of  tha  riaing  column  conaiata  of  two 

*In  thia  study  tha  tans  water  column  refers  to  tha  general 
surface  phenomenon  of  shallow  explosions  excluding  tha  spray 
dome.  It  la  used  aa  a  synonym  of  geyser,  gush,  shaft;  all  of 
which  ara  not  entirely  satisfactory  terms. 
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t«nu«  th«  acMlaration  of  gravity  and  a  tana  accounting  for  tha 
air  drag.  Tha  lattar  ia  aaauawd  to  ba  proportional  to  tha  aquara 
of  tha  valocity  H*  of  tha  coluauit 

(ID.l)  -  g  ♦  h*V2X  . 

Obvioualy,  tha  aagnituda  X  auat  hava  tha  diaanaion  of  a  langth. 

Wo  call  it  tha  charactariatic  langth  of  air  drag  and  will  discusa 
ita  propart iaa  latar. 

Zntagration  yialda  for  tha  naxinua  haight  of  tha  column 

(10.2)  .  X  ln|  (g  ♦  H'Vzx)  /g  |  . 

whara  ia  tha  initial  valocity  of  riaa  of  tha  column.  Tha 
aacond  tara  in  tha  paranthaaia  ia  tha  initial  accalaration. 

Zf 

j  (10.3)  g  «  H'VaX  , 

f  wo  can  aiaplify  aquation  (10.2)  to  road 

I 

S.X  •  *  {  n’/’S*  } 

(10.4)  -  X(ln  I H*  Vzg  I  -  In  X) . 

Zf  Cuba  root  acaling  ia  valid,  all  langtha  muat  bo  proportional 
to  W^^^.  Thia  auat  includa  tha  langth  X.  Wa  aat 

f 

!  (10.5)  X  ■  C  W^^^ 
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and  find 

(10.6)  C  (In  |H-*/2gcJ  -  In  . 

For  oxploalons  firad  at  aqual  cuba  root  acalad  daptha,  H*  la 

o 

tha  aaaM.  Thua,  (10.6)  ia  of  tha  fona 

(10.6a)  •  if^/5  C  (Cj  -  In  W^/^)  , 

whara  C  and  Cj^  ara  conatanta  for  aach  raducad  firing  dapth 
Sinca  t)»a  logaritha  ia  a  alowly  changing  function,  it  ia  aaan 
that  Cuba  root  acaling  of  tha  naximua  coluian  haight  ia  approxinataly, 
but  not  axactly  aatiafiad. 

Although  (10.6a)  providaa  a  qualitativa  mnwwmr  to  our 
propoaition.  an  alaboration  of  tha  thraa  daciaiva  atapa.  naaMly. 
(10.1).  (10.3).  and  (10.5)  is  in  ordar. 

Ona  can  anuMrata  many  raasona  why  tha  magnituda  X  cannot  ba 
a  constant.  Consider  tha  casa  of  a  single  body  thrown  upward  into 
■ir.  Hare,  tha  characteristic  drag  length  is 


where 

^  «  Drag  coefficient 
"b  «  Mass  of  tha  body 
P  -  Density  of  tha  madiuai  (air) 

S  -  Area  of  a  characteristic  cross  section 


»*■»  ar  'I  in—  I!  . 
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For  an  unaccalaratad  motion,  tho  drag  coafflciant  cj) 
dapanda  on  tha  Raynolda  and  Mach  nunbars.  It  atrong  accalarationa 
occur,  tha  concapt  of  tha  virtual  maaa  diacuaaad  in  Articla  8.9 
ia  not  aufficant  to  daacriba  tha  drag.  It  muat  ba  ramanbarad 
that  tha  variation  of  tha  drag  coafficiant  aa  a  function  of  tha 
Raynolda  and  Mach  numbara  ia  a  raault  of  tha  changa  of  flow 
pattarna,  auch  aa  laminar  or  turbulant  flow,  shock  wavaa,  ate. 

If  tha  valocity  changas  rapidly,  flow  pattarna  ara  built  up  which 
do  not  corraapond  to  thoaa  of  tha  ataady  atata  notion.  Hanca.c^ 
dapanda  not  only  on  tha  Raynolda  and  Mach  numbara,  but  also  on  tha 
accalaration.  Thaaa  phanostana  ara  mora  axplicitly  dascribad  in 
Chaptar  IX  of  tha  book  "Undarwatar  Muclaar  Explosions,  Part  I." 

(In  praparation) . 

Tha  dapandanca  of  X  on  accalaration,  Raynolds  numbar,  and 
Mach  numbar  makaa  this  magnituda  a  variabla.  Thus,  tha  ratardation 
dua  to  air  drag  is  not  proportional  to  tha  squara  of  tha  valocity 
as  assuawd  in  (10.1).  Howsvar,  tha  rasult  (10.2)  can  ba  obtainad 
if  a  propar  avaraga  X  is  introducad. 

Tha  droplata  of  an  undarwatar  axplosion  colusm  do  not  bahava 
lika  rigid  s^sras;  thay  tand  to  da  form  and  braak  up  at  high 
valocitiaa.  Also,  tha  ratardation  of  tha  column  risa  is  affactad 
by  tha  intaraction  of  a  nultituda  of  droplata  which  collide, 
coagulate,  and  break  up  again.  Hare,  Wabar*s  alnilltuda  enters 
as  an  additional  raqulramant.  As  a  crude  approximation,  (10.2) 

I 

I  holds  also  for  such  conplax  processsss  if  a  sultabls  avarags  X 
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la  us«d.  If  two  dynamically  aimllar  procosaaa  (compara  Artlclaa 
3.4  and  3.5)  ara  conaidarad  with  aqual  Raynolda,  Wabar,  and  Mach 
numbara,  will  ba  tha  aama  and  according  to  (10.7) 

(10.8)  -  X  X 

Thia  agraaa  with  (10.5)  only  if  tha  a f fact  of  tha  Raynolda  and 
Wabar  numbara  can  ba  ignorad.  (Cuba  root  acaling  aaauraa  Mach* a 
aimilituda.) 

Tha  daciaiva  atap  in  our  analyala  la  (10.3),  i.a.,  ignoring 
tha  accalaration  of  gravity  in  tha  paranthaaia  of  (10.2).  Thia 
stap  doaa  not  mean  gravity  ia  ignorad  altogathar.  Without 
gravity,  tha  column  vrauld  riaa  to  an  infinita  haight,  aa  can  ba 
saan  by  intagration  of  (10.1)  with  g  •  0.  Tha  valocity  H*  aa  a 
function  of  tha  diatanca  a  ia  obtainad  aa 

(10.9)  H*  -  H*  a**/^. 

which  ahowa  that  tha  motion  navar  atopa. 

Ignoring  air  drag,  but  including  gravity,  all  columna  from 
axploaiona  at  agual  raducad  dapth  D/W^^^  would  riaa  to  tha  aama 
haight,  ainca  tha  initial  valocitiaa  ara  agual.  Tha  columna  from 
small  chargaa  would  appaar  as  thin  panel la,  thosa  of  nuclaar 
axplosions  as  broad  shafts.  Again,  this  is  in  contradiction  with 
exparienca. 

Equation  (10.6a)  and  tha  conclusion  that  tha  column  haight 
of  shallow  undarwater  explosions  can  ba  approximately  scaled  by 
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th«  cub«  root  law  ara  obtainad  if 


(a)  Tha  affact  of  qravity  ia  amall,  but  not  antiraly 

abaant 

(b)  Tha  affact  of  tha  Raynolda  and  Wabar  numbars  ia 
naqliqibla 

Cuba  root  acalinq  holda  if,  in  addition  to  thaaa  raouirevnanta. 

(10.10)  Cj  »  In 

in  tha  ranqa  of  intaraat.  Slnca  H*  ia  known  from  ahorV  wava 

o 

data  and  diract  maaauramanta.  C  and  can  ba  datarmi n«d  from 
column  haiqhta  obaarvad  at  ax^loaiona  fired  at  equal  reduced 
daptha  of  Taat  Bikini  Raker.  Figure  (10.2)  ahowa  a  nlot  of  the 
maximum  column  height  veraua  cube  root  of  tha  charge  weight  for 
a  number  of  HE  taata  and  for  Teat  Baker.  Tha  following  relation 
givaa  a  good  fit  of  tha  obaerved  HE  data 

(10.11)  [ee  -  8.5  In 

A  atraight  line  fit  (atrict  cube  root  acaling)  yialda 

(10.11a)  -  65.8  • 

We  ahall  not  argue  whi^  line  givaa  tha  batter  fit.  Both 
varaiona  ara  eaaantially  equivalent.  But  (10.11)  givea  a 
noticeable  deviation  from  cube  root  acalinq. 

It  muat  ba  atreaaed  that  it  ia  not  within  tha  acooe  of  thia 
atudy  to  derive  and  discuaa  equationa  for  the  column  height. 
Equation  (10.11)  waa  derived  aolely  for  the  purpoae  of  examining 
tha  unexpected  experimental  evidence  that  the  column  height  can 
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be  approximately  scaled  by  the  cube  root  law.  The  concltiaion  ie 
aa  tollowsi  The  evidence  of  Pioure  10,?  (approximate  cube  root 
acalinq  of  the  column  heiqht)  Muqqeste  that  Proude*a,  Reynolds', 
and  Weber's  similitude  requirements  can  be  iqnored.  The 
theoretical  analysis  indicates  that  gravity  has  a  minor  effect, 
but  cannot  be  iqnored  entirely.  Scaling  analysis  could  not  have 
predicted  that  Proude's  number  can  be  omitted  in  this  caset  only 
an  extensive  experimental  study  as  illustrated  in  Figure  10.2 
can  do  this.  The  same  holds  for  the  other  similitude  requirements 
mentioned  above. 

Even  a  large  HE  teat  program,  such  as  that  of  Figure  10.2, 
can  lead  to  erroneous  conclusions  %4hen  extrapolated  to  nuclear 
explosions.  Figure  10.2  shows  that  there  is  a  discrepancy 
between  HE  data  and  the  nuclear  teat  result.  The  reason  for 
this  discrepancy  is  apparent  from  the  shape  of  the  column.  The 
right  hand  side  of  Figure  10. 1  resembles  closely  the  ultimate 
column  development  of  Test  Bikini  Baker,  but  not  the  ultimate 
stage  for  HE  tests.  In  HE  tests  a  jet  appears  later  above  the 
smoke  crown.  The  ultimate  column  development  is  shown  in  the 
insert  of  Figure  10.2.  This  jet  increases  the  ultimate  height. 
Since  this  jet  was  missing  at  Test  Bikini  Baker,  its  maximum 
height  was  relatively  smaller  than  that  of  the  HE  tests,  as  can 
be  seen  from  Figure  10.2.  Hence,  there  is  a  lack  of  similitude 
of  the  column  formation  for  nuclear  and  chemical  explosions.  In 
particular.  Figure  10.2  does  not  list  correspond:.ng  points  of 


CHARGE  WEIGHT  (LBS  TNT)’/^ 


Figure  10.2 

Total  Height  of  the  Water  Column  for  Bikini  Baker 

Conditions 

Depth  of  explosiont  D  «  0.26  charge  at  mid-depth. 

Sourcesi  Milligan-Young  (1954)  and  Young  (1954).  The  conversion 
factor  for  the  nuclear  explosion  was  chosen  according  to  Table  3.2. 
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th«  column.  For  HE  teats.  Figure  10.2  shows  the  height  of  the 
jet,  for  the  nuclear  case  that  of  the  smoke  crown. 

Figure  10.2  la  a  good  example  of  the  dangers  of  extrannla- 
tlon.  The  exoerimental  HE  points  agree  so  well  with  the  cube 
root  line  that  one  might  be  tempted  to  conclude  that  cube  root 
scaling  is  entirely  valid.  But,  nuclear  full  scale  results 
%rauld  be  in  error  by  about  l80iC  if  this  conclusion  were  adopted. 
Even  the  somewhat  more  sophisticated  formula  (10.11)  leads  to  a 
considerable  error  when  applied  to  nuclear  explosions, 

10.6  Horirontal  Column  Dimensions  of  Shallow  Explosions.  Since 
the  horirontal  motions  of  the  column  are  not  opposed  by  gravity 
and  only  to  a  small  extent  by  air  drag,  it  is  not  surprising  to 
find  that  the  column  diameter  follows  the  cube  root  scaling  law 
(Figure  10.3).  For  deeper  explosions,  such  good  agreesient  is 
not  necessarily  to  be  expected,  since  the  bubble  expansion  in 
the  horirontal  direction  is  also  affected  by  gravity. 

10.7  Airblast  from  Underwater  Explosions.  At  first  glance 

the  prospects  appear  to  be  good  that  the  air  blast  wave  originated 
by  an  underwater  explosion  can  be  scaled  by  the  cube  root  law. 

The  discussions  on  the  early  bubble  behavior  and  on  blow-out 
indicate-  that  gravitv  should  not  affect  these  chenomena.  thus 
excluding  one  of  the  obstacles  against  cube  root  scalina  the 
explosion  is  shallow.  For  deep  explosions,  %fhere  the  bubble 
pulsation  is  fully  developed,  the  air  blast  wave  resulting  ♦’rom 
the  bubble  pulse  cannot  be  scaled  by  the  cube  root  law,  but  the 
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Figure  10.3 

Scaling  the  Maximum  Column  Dlanieter. 

Test  conditions  are  the  same  as  in  Figure  10. 
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more  Important  tranamisaion  of  tha  ahock  wave  into  tha  air 
ahould  follow  thia  law. 

Actually,  tha  pictura  of  air  blaat  from  undarwater  axplo- 
aiona  ia  by  no  maana  clear  today.  Praaaura  racorda  ahow  pulaea 

I 

whoaa  origirmhava  not  baan  antiraly  axplainad.  The  difficultiea 
experienced  in  acaling  of  the  air  blaat  from  Teat  Umbrella  %rare 
deacribed  in  tha  article  on  blow-out  (10.4).  The  affecta  of 
'  aurface  tenaion  or  cavitation  on  acaling  are  not  clear  aithari 

It  ia  not  undaratood  whether  tha  upper  contour  of  tha  apray 
I  dome  or  tha  aurface  of  tha  water  which  liea  underneath  the  apray 

and  which  movea  aomewhat  more  alowly  muat  be  conaidared  aa  the 
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"driving  piaton" .  Datails  of  tha  apray  dlatribution  dapand  on  the 
initial  aurfaca  roughnaaa  (%idiich  can  ba  acalad) ,  but  may  alao 
dapand  on  tha  aurfaca  tanaion  (which  cannot  ba  acalad) . 

Tha  cavitatad  area  bagina  cloaa  beneath  tha  water  aurfaca 
and  ia  aaparatad  from  tha  air  above  tha  water  by  a  aaal. 

(Figure  10.4  illuatrataa  tha  t%ra  aaala,  that  between  bubble  and 
air  and  tha  other  bat%raan  cavitation  and  air.)  Tha  air  ia  at 
atmoapharic  praaaura  plua  that  of  tha  air  blaat.  Tha  praaaure 
in  tha  cavitatad  area  ia  cloaa  to  tha  vapor  praaaura  of  %aiter. 

Tha  motion  of  thia  aaal  diffara  from  tha  ideal  motion  of  tha 
water  aurfaca  whan  tha  latter  ia  calculated  disregarding  cavitation. 
Thia  axplaina  diacrapanciaa  between  axparimantal  results  and  soma 
early  theoretical  efforts  to  daacriba  air  blast  from  underwater 
explosions.  However,  tha  motion  of  the  cavitation  seal  can  ba 
scaled  by  tha  cube  root  rule.  Only  tha  closure  of  cavitation 
and  tha  resulting  secondary  pressure  pulse  cannot  ba  scaled  in 
field  testa.  Thus,  cavitation  should  not  ba  vary  detrimental  to 
cube  root  scaling  of  air  blast. 

To  susmariae,  tha  state  of  knowledge  of  air  blast  from  under- 
%fater  explosions  does  not  yet  permit  a  complete  judgement  on  the 
prospects  of  modal  tests.  Basically,  tha  situation  seems  to  be 
a  favorable  one,  since  those  factors  which  most  often  spoil  cube 
root  scaling  appear  to  ba  of  minor  importance. 

Tha  failure  of  HZ  model  tests  to  reproduce  the  air  blaat  of 
Test  Umbrella  was  unexpected  and  is  causa  for  concern,  since  such 
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diacraptanciaa  cannot  b«  raaolvad  by  modal  tasta  alona,  not  avan 
by  tha  moat  axtanaiva  program.  (For  inatanca,  Figura  10.2.) 
Howavar,  tha  battar  undaratanding  gainad  from  auch  modal  taata 
may  ultimataly  yiald  raliabla  pradlctlon  mathoda  for  tha  nuclear 

caaa. 


10.8  Surfaca  Phanowana  from  Peap  Exploaiona.  An  axploaion 
may  ba  called  deep  if  tha  bubble  pulaataa  for  at  laaat  one  cycle. 
Thaaa  are  tha  condltiona  «fhara  tha  fourth  root  acaling  law  muat 
ba  applied.  Excluding  vary  deep  exploaiona  (aaa  Article  9.4),  no 
poaaibility  ia  aaan  that  field  modal  taata  could  ba  uaad  to 
explore  these  phenomena.  Tha  same  holds  for  tha  surfaca  phenomena 
tdiich  result  from  tha  action  of  tha  bubble  under  such  conditions. 

Although  tha  prospects  of  modal  taata  are  definitely  poor, 
small  scale  teats  are  neither  useless  or  unnecessary.  Depending 
on  tha  specific  subject  of  interest,  tha  phases  which  are  not 
scaled  might  ba  of  minor  importance  and  model  tests  may,  after 
all,  provide  some  of  tha  desired  information.  But  xt  is  necessary 
to  ba  aware  that  tha  scaling  situation  is  different  from  that  of 
shallow  explosions  and  that  it  is  unfavorable.  Secondly,  rather 
complete  full  scale  information  ia  needed  to  ascertain  tha 
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th«  churning  of  wator  aasociatad  with  th«  violant  surfaca  affacta 
of  tha  axploaion.  Tha  miat  apraada  horizontally  outward  bacauaa 
of  ita  highar  danaity  and  an  initial  lataral  iapulaa  given  by  the 
plumaa  (deep  axploaiona)  or  tha  apill^^ut  (ahallow  axploaiona) . 

Tha  military  aignificanca  of  tha  baaa  aurga  liaa  in  ita 
ability  to  carry  radioactiva  contamination  away  from  tha  point 
of  axploaion  and  to  cauaa  radiation  hazarda  to  aurfaca  ahipa 
and  ahora  inatallationa.  Tha  baaa  aurga  ia  an  important  factor 
in  conaidarationa  of  tha  aafa  dalivery  of  nuclear  woapona.  The 
aafa  atandoff  of  a  delivery  ahip,  in  particular  in  tha  downwind 
direction,  ia  uaually  dictated  by  tha  radiological  affacta  of  tha 
baaa  aurga  and  not  by  tha  poaaibla  ahock  damage. 

In  an  ideally  quiet  atmoaphara,  tha  baaa  aurga  continuaa 
to  expand  indefinitely.  In  thia  caaa  there  ia  no  ultimate  range. 
In  all  practical  aituationa  tha  range  of  the  baae  aurga  dependa 
j  not  only  on  the  aiza  and  depth  of  the  axploaion,  but  alao  on 

meteorological  conditiona,  notably  wind  and  humidity.  Thi;  latter 
influencaa  the  evaporation  or  drying  of  tha  baae  aurge.  Thi 
makaa  tha  aurge  inviaibla,  but  may  increaae  rather  than  decreaae 
ita  range,  becauaa  evaporation  reducea  tha  temperature  and  thua 
increaaes  the  danaity. 

Wind  ia  a  dominant  factor  in  the  hazard  of  a  contaminated 
baaa  aurge.  The  two  critical  rangea,  namely  the  upwind  range 
1  and  tha  croaawind  range  are  determined  by  the  wind  velocity  and 

I  tha  rata  of  exp>anaion.  Shipa  outaide  thaae  rangea  are  not 
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•ndangarad  by  th«  radiological  affacts  of  tha  baaa  surga.  Sinca 
tha  wind  will  carry  tha  baaa  aurga  to  larga  diatancaa,  thara  ara 
no  "aafa"  rangaa  for  a  down-wind  poaition.  A  ahip  «diich  cannot 
avada  tha  baaa  aurga  will  racaiva  a  radiation  doaa.  Thia  doaa 
dapanda  on  tha  diatanca,  wind  valocity,  dacay  of  radioactivity, 
and  tha  dilution  of  tha  baaa  aurga  by  turbulant  mixing. 

Aa  tha  baaa  aurga  flowa  outward  it  incraaaaa  in  haight. 

During  thia  procaaa  tha  aurga  mixaa  with  tha  aurrounding  air 
and  bacomaa  thin  and  tanuoua  in  ita  uppar  parte.  Thia  mixing 
ia  an  important  factor  in  acaling.  It  ia  analogoua  to  turbulant 
mixing  aa  it  occura  at  tha  intar faca  of  wakaa  or  jats.  The 
raaulting  turbulant  maaa  and  momantum  axchanga  at  tha  uppar 
boundary  of  tha  aurga  cauaaa  a  drag  and  a  dacraaaa  of  tha  aurga 
danaity,  hanca  an  attanuation  of  tha  driving  forca.  It  ia  not 
known  today  to  what  axtant  thia  momentum  exchange  ia  affected 
by  tha  Raynolda  number. 

Excaaa  danaity  and  gravity  ara  the  factora  cauaing  tha  out¬ 
ward  flow  of  tha  aurga.  Therefore,  Fxouda'a  number  ia  important 
for  thia  machaniam. 

Aa  in  all  other  aurface  phenomena,  two  conditlona  muat  be 
aatiafiad  in  order  to  obtain  aimllltude;  (a)  Similitude  of  tha 
initial  conditlona,  (b)  aimilitucle  of  the  aubsequant  propagation. 
For  ahallow  exploaiona,  cube  root  scaling  may  satiafy  tha  first 
condition.  Strict  similitude  for  tha  entire  event  can  be  obtained 
only  if  tha  same  laws  of  scaling  hold  for  both  phasasi  tha  initial 
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condition  and  th«  propagation.  Sinca  gravity  and  viscosity  are 
involved  in  the  subsequent  propagation  such  complete  similitude 
is  not  obtainable. 

The  situation  can  be  considerably  relaxed  by  what  is  called 
the  sepMiration  method  (Article  12.6).  One  may  argue  that  the 
propagation  phase  is  independent  of  the  initial  conditions,  i.e., 
the  column  diameter,  column  height,  mass  of  water  falling,  etc. 

If  this  holds  true,  each  phase  can  be  scaled  separately,  the 
first  by  the  cube  root  scaling  law,  the  second  by  Proude's  law; 
providing  that  one  chooses  to  ignore  the  effect  of  viscosity. 

This  has  bean  done  in  Figure  10.5.  The  reduced  radius  of 
the  surge  is  plot^ied  versus  the  reduced  time  of  Proude's  law. 

The  column  diameter  used  to  reduce  surge  radius  and  time, 

j  This  diameter  was  obtained  by  cube  root  scaling. 

i  (The  reduced  time  of  Figure  10.5  is  not  dimensionless.  Multi¬ 

plication  by  Vg,  where  g  »  acceleration  of  gravity,  would  have 
accomplished  that.  Since  g  is  a  constant,  this  factor  is  omitted 
for  simplicity.) 

The  use  of  this  reduced  time  does  not  necessarily  assure 

similitude;  only  equality  of  Proude's  number  will  do  that.  This 

means  that  all  curves  obtained  for  the  same  reduced  firing  depth 
1/3 

DAf  should  coincide.  A  glance  at  Figure  10.5  shows  that  this 
is  not  the  case. 

A  discussion  of  the  factors  which  lead  to  this  failure  of 
scaling  is  worthwhile. 
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Figure  10.5 

Propagation  of  the  Base  Surge  in  Reduced  Coordinatea 
BiXini -Baker  Condition 

The  curves  have  been  extrapolated  to  the  origin  of  the 
coordinates.  Measurements  are  uncertain  in  this  region. 
Sources:  Milligan-Young  (1954),  Young  (1954).  A  recent  re- 
evaluation  of  the  Bikini-Baker  base  surge  Young  (1964))  resulted 
in  a  curve  somewhat  closer  to  the  HE  curves  than  shown  above. 

A  considerable  discrepancy  remains  and  our  conclusions  are  not 
affected  by  these  new  data. 

173 


NOLTR  63>257 


First,  th«  dlsslnilarity  of  th«  column*  of  convontional 
and  nuclaar  axploslon*  dlacuaaad  In  Articl*  10.5  should  bs 
rscallsd.  I.S..  th*  absancs  of  ths  csntral  jst  at  th*  nuclaar 
axploaion. 

Tha  aurga  movas  outward  in  tvo  wvmm,  Tha  first  steins  from 
a  phanomanon  callad  spill-out,  tha  nacond,  from  ths  falling  column. 
Spill-out  is  an  ajaction  of  watar  nsar  tha  foot  of  tha  column. 

It  has  baan  obsarvad  at  HS  as  wall  as  nuclaar  axplosions  and  is 
probably  not  tha  factor  in  tha  failura  of  scaling.  As  ths  column 
of  an  HE  axplosion  collapsaa,  tha  watar  of  tha  central  jet  feeds 
more  aerosols  into  th*  base  surge  and  pushes  it  further  ahead. 

Thera fore,  it  is  baliavad  that  tha  central  jet  is  tha  principal 
causa  of  tha  discrepancies  evident  in  Figure  10.5  and  w*  sea  that 
(a)  th*  initial  conditions  ar*  actually  not  similar  as  assumed 
above  and  (b)  th*  postulate  of  tha  independence  of  th*  propagation 
phase  from  th*  phase  of  formation  (as  usad  in  tha  separation  mathod) 
appears  to  b*  not  firmly  founded. 

In  addition,  tha  failure  of  scaling  could  be  attributed  to 
tha  lack  of  Reynolds*  slmilitud*. 

Th*  evidence  of  tha  45  t  shot  shown  in  Figure  10.5  is 
interesting  in  this  respect:  This  test  was  conducted  in  Utah  at: 
an  altitude  of  about  5,000  ft.  above  sea  level.  The  growth  of 
the  surge  was  noticeably  stronger  than  in  the  tests  at  sea  level . 

It  might  be  suspected  that  this  result  is  due  to  the  reduced 
density  of  the  air.  The  rata  of  radial  grov^th  of  tha  surge 
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d«p«nds  upon  th«  dlfforonco  b«tM«n  bulk  danalty  of  th«  aurg* 
cloud  and  tha  danaity  of  tha  aoibiant  air.  Thla  diffaranca  could 
ba  graatar  at  tha  alavatlon  of  tha  Utah  taat  than  at  aaa  laval. 

* 

Howavar.  tha  raducad  initial  aurga  valocity  at  Utah  ia  about  tha 
aama  aa  at  aaa  laval  taata.  indicating  that  tha  diffaranca  batwean 
cloud  danaity  and  ambiant  danaity  waa  not  graatly  affactad  by  tha 
altituda.  Tha  trand  of  tha  curvaa  in  Pigura  10.5  auggaata  a 
raducad  friction  in  tha  caaa  of  tha  45  t  ahot  dua  to  tha  lowar 
danaity  and.  poaaibly.  an  affect  of  tha  Raynolda'  nunbar. 

However,  tha  aituation  ia  not  conplataly  clear,  bacauaa  tha  Utah 
taat  amployad  a  charge  of  cubical  ahapa  which  may  have  adveraely 

(  affactad  tha  aimilituda  of  tha  column  formation. 

j 

^  *  An  intaraating  laboratory  atudy  on  tha  propagation  of  tha 

baaa  surge  waa  made  by  Colaa  and  Young  in  1951.  reported  by  Swift 
(1962) .  Thaaa  workers  simulated  tha  base  aurga  by  a  mass  of  salt 
water  released  above  a  rigid  bottom  in  a  tank  filled  with  fresh 

<  water.  The  higher  danaity  of  tha  salt  water  caused  a  spreading 

of  the  heavier  fluid,  vary  similar  to  the  spreading  of  a  base 
surge  through  tha  air  along  tha  water  surface.  This  is  not  a 
dissimilar  modal;  since  tha  compressibility  of  tha  air  is 

a 

unimportant  for  tha  base  surge  propagation,  tha  substitution  of 

I 

^  water  for  air  is  entirely  permissible.  However,  it  proved  to  ba 

■ 

'  difficult  to  obtain  realistic  initial  conditions  and  appropriate 

'[*  Reynolds  numbers.  Therefore,  the  turbulent  mixing  was  different 
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froa  that  obaarvad  at  full  acala  tasts. 

Our  diacuaalons  hava  baan  cantarad  around  ahallow  axploaiona, 
whara  cuba  root  acaling  of  tha  initial  conditiona  could  hava  baan 
a  poaaibility,  but  %Aa  not  raalisad.  Bubbla  phanonana  of  daap 
axploaiona  cannot  ba  acalad  by  tha  cuba  root  law.  Sinca  thaaa 
ara  InatruaMntal  in  tha  aurfaca  phanocaana  and  tha  forauition  of 
tha  baaa  aurga.  acaling  of  daap  axploaiona  ia  not  likaly  to  ba 
auccaaaful. 

An  intaraating  raault.  not  ralatad  to  acaling.  ahould  ba 
BMntionad  t 

Tha  baaa  aurga  propagation  of  Teat  Bikini-Bakar  coincidaa 
with  that  of  tha  anich  daapar  axploaion  of  Taat  unbralla  tdian 
plottad  in  tha  raducad  coordinataa  of  Frouda'a  law.  Thia 
inaanaitivity  to  firing  dapth  nakaa  uaaful  anpirical  pradiction 
awthoda  poaaibla. 

10.10  Radiological  Effacta.  Tha  aurfaca  phanoaMna  of  undarwatar 
nuclaar  axploaiona  aa  %fall  aa  tha  bahavlor  of  tha  bubbla  hava  an 
iaportant  baaring  upon  tha  radiological  affacta.  Sinca  watar 
providaa  an  axcallant  ahiald  againat  all  typaa  of  radiation, 
radiological  affacta  of  nuclaar  undarwatar  axploaiona  can  coom 
into  play  only  aftar  a  hydrodynamic  tranaport  procaaa  haa  brought 
tha  radioactlva  dabrla  to  tha  atnoaphara.  Thia  aatarial  ia 
initially  aituatad  in  tha  cora  of  tha  bubbla.  For  ahallow 
axploaiona.  thia  cora  axpanda  into  tha  Intarior  of  tha  watar 
coluam.  If  tha  wall  of  tha  colunoi  ia  thin  anotigh,  a  "ahina” 
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through  tho  oeloan  My  roault.  It  blov-ont  occiurs,  radioaetivo 
Mtarial  ia  dlachargad  Into  tho  ataK>aph«ra.  At  ooMWhat  daopar 
axploalona  tho  radloaotivity  My  bo  eontalnod  until  tha  collapao 
of  tho  watar  eolnan.  Tharaupon  tha  radioaetiva  dabrla  la  convayad 
Into  tha  air  and  eontanlnataa  tha  baaa  aurga. 

For  dMp  axploalona,  aa  daflnad  la  Artlela  10.6,  bubbla 
■dLgratlon  carrlaa  tha  radloaotlva  Mtarial  upward  to  tha  %ratar 
aurfaca  and  Into  tha  air. 


In  all  eaaaa  tha  contaainatad  Mtarial  la  nixad  with  watar 
spray.  Xt  doas  not  rloa  Into  tha  atMsphoro  as  in  an  air  burst, 
but  daacanda  and  a  portion  of  It  la  earrlad  away  by  tha  baM  surga. 

Tha  prospacts  and  dlfficultiaa  of  scaling  blow-out  hava  baan 
dlaeussad  in  Artlela  10.4.  Thara,  Cuba  root  scaling  saasiad  to  ba 
justlflad  on  tha  basis  that  tha  "aarly*  phasaa  of  tha  bubbla 
notion  ara  not  subjsctad  to  gravity. 

A  sijsllar  situation  My  hold  for  tha  shallow  explosion 
conditions  whara  a  shina  through  tha  colunn  occurs.  This  Mans 
that  e\iba  rcot  scaled  nodal  tests  My  ba  able  to  reproduce  tha 
thicknasa  of  tho  watar  layer  which  acts  as  a  shield. 

Although  tha  hydrodynanic  processes  can  possibly  ba  scaled 
for  such  shallow  explosions,  radiation  processes  as  affected  by 
shielding  cannot  be  scaled  at  all.  This  is  because  the  naan  free 
paths  of  electrons,  neutrons,  etc.,  ara  constants  which  cannot  be 
reduced  by  the  length  scale  factor  1,  as  required  in  scaled  teats. 
All  that  can  be  done  is  to  obtain  data  on  tha  thickness  of  the 
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flhl«ld  froa  aodal  tmatu  and  to  ealculata  thaoratically  Its 
offset  upon  radiation. 

Iho  arguaant  of  tho  "oarly”  aotion  in  tho  gravitational 
field  is  not  valid  for  tho  collapoo  of  tho  coluan  and  tho 
Bwehanisa  %«hich  loads  to  tho  contaaination  of  tho  bass  lurgo. 

Tho  prospocta  of  scaling  thoeo  procoasos  in  field  tests  aro  not 
favorable. 

For  deep  explosions,  tho  bubble  behavior  and  aigration 
cannot  bo  scaled  in  field  tests.  This  aoans  that  tho  transport 
of  tho  radioactive  aatorial,  its  nixing  with  tho  aabiont  water  at 
tho  bubble  ninina,  tho  aaoont  of  it  loft  behind  in  tho  water, 
and  finally  tho  details  of  its  discharge  into  tho  air  cannot  bo 
quantitatively  reproduced  by  saall  scale  tests  in  the  field. 

It  is  interesting  and  pertinent  to  quote  at  this  point  a 
coaaent  tdiich  B.  H.  Kennard  aade  at  a  aseting  of  the  APEX 
Conaittee  on  27  June  1958f 

"Two  phenonena  that  are  probably  inpossible  to 
investigate  effectively  by  nodel  experinents  and  are 
also  extrenely  difficult  to  calculate  with  any 
accuracy  are  the  contasdnated  base  surge  and  the 
effect  of  the  neutrons  that  escape  froa  the  boob. 

The  problea  of  the  base  surge  will  be  discussed  by 
others;  a  few  renarko  nay  be  offered,  however, 
concerning  the  neutrons. 

"After  an  air  burst,  the  •scaping  neutrons 
are  aostly  absorbed  by  nitrogen  in  the  air,  and  the 
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blast  of  gaaaa  raya  froai  tha  radioactiva  nitrogan 
thus  produead  furnishas  a  larga  part  of  tha  total 
gaaBM-ray  doaa.  Aftar  an  undarwatar  bur at  thaaa 
nautrons  will  ba  abaorbad  at  laaat  in  part  by  tha 
wntar«  with  no  hamful  aftar-affacta.  Tha  quaation 
raaaina*  howavar.  whathar  undar  aowa  eircuaiatancaa 
part  of  tha  nautrona  sight  ba  carriad  up  into  tha 
air  along  with  tha  watar  spray  and  sight  than  ba 
capturad  by  nitrogan* 

"In  oaa  watar  nautrona  ara  capturad  ala»at 
antiraly  by  hydrogan  and  at  ordinary  danaity  thair 
saan  lifa  is  only  0.2  silliaaeoml.  If.  hows war* 
tha  danaity  of  tha  watar  dacraaaas,  say*  to  1/1000 
of  that  of  ordinary  watar*  aa  it  prosptly  will  in 
tha  staas  bubbla*  tha  sean  lifa  of  a  nautron 
bacoawa  0.2  aacond.  Tha  nautrons  will*  hows war* 
tand  to  diffuaa  out  of  tha  staas  bubhla  into 
danaar  watar  whara  thaJr  captura  rata  is  sudi 
graatar. " 

"An  adaquata  study  of  this  problaa  by  saana 
of  ssall-acara  taats  is  hard  to  isagina.  Haithar 
tha  nautron  sotion  nor  tha  latar  atagaa  of  tha 
baaa  surga  aaas  to  acala  in  any  sispla  way*  so 
that  awan  tha  usa  of  babw  nuclaar  boaba  mmy  ba 
unraliabla  for  tha  pradiction  of  full-scala 
phanoaMna.* 
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10.11  Mod«l  T««f  Os<la««7  Zt  cannot  bo  strongly  onough 
omphasisod  that  tho  procoding  conclusion  about  tho  impossibility 
of  scaling  doss  not  moan  that  small  seals  tosts  ars  usalass  or 
unnocoasary.  Tho  opposito  is  truo.  Howovor.  such  small  seals 
tosts  bolong  in  a  difforont  class  than  modal  tosts  for  which  tho 
validity  of  scaling  is  ostabXishsd.  An  oxtra  of fort  is  noodod 
to  support  tho  rosults  of  no.:-scalablo  tosts  (a)  by  comparison 
with  full  seals  data,  (b)  by  modal  toots  at  various  scalos, 
including  tho  largost  acalo  practical,  (c)  by  a  strong  omphasis 
on  Uiecry.  of  courso,  such  an  of fort  is  almost  always  made  whon 
difficult  and  unknown  aroas  aro  oxplorod.  Howovor,  in  this 
caso  a  spocial  offort  is  nocossary,  bocauso  a  simplo  application 
of  basic  laws  of  naturo,  namely  tho  scaling  analysis,  calls  for 
caution.  This  oxtra  offort  will  pay  high  returns  in  terms  of  a 
solid  understanding  of  tho  processes  as  well  as  of  tho  trust- 
%forthiness  of  the  results  obtained. 

Also  it  is  always  possible  that  tho  effects  %irhich  do  not 
scale  have  a  sdnor  influence  on  the  desired  results.  Without 
small  scale  teats  and,  of  courso,  without  sufficient  full  scale 
data  one  would  never  find  out. 

10.12  Scaling  of  Surface  Waves.  Tho  motion  of  the  water  surface 
induced  by  an  underwater  explosion  gives  rise  to  a  train  of 
surface  waves,  similar  to  those  %diich  result  from  dropping  a 
stone  into  water. 
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Llttl*  attsntlon  haa  b««n  paid  to  thaoa  during  tho  tioio 
yhmxm  RB  waa  tha  only  known  axploaiva  aourca.  Bowavar,  with  tha 
poaaibility  of  uaing  nuclaar  undarwatar  waapona,  thia  problaa 
bacaoM  a  aubjact  of  ganaral  attantion.  Tha  main  pointa  of 
military  intaraat  ara  inundationa  of  aaa  ahoraa  and  damaga  to 
aurfaca  ahipa  or  ground  colliaiona  of  aubaiarinaa  aubaMrgad  in 
ahallow  Mtar. 

Tha  raatoring  forca  of  aurfaca  %favaa  ia  gravity.  Banca, 
Frouda'a  critarion  of  aiadlituda  nuat  ba  appliad  to  tha  propaga¬ 
tion  phanootana.  Tha  ganaration  of  thaaa  %nivas,  i.a.  tha  initial 
condition  of  tha  propagation  phaaa,  ia  tha  raault  of  tha  action 
of  tha  ahock  %rava  and  bubbla.  Aa  diacuaaad,  thaaa  ara  incompat- 
ibla  with  Frouda'a  Law  in  fiald  taata.  Xn  contraat  to  tha  baaa 
aurga,  gravity  cannot  ba  ignorad  in  tha  davalopoMnt  of  tha  initial 
phaaaa  and  tha  aaparation  nathod  ia  fnrobably  not  appllcabla. 

Thia  ahows  that  tha  proapacta  of  field  model  testa  on  aurface 
wavea  are  poor  and  that  reaulta  of  email  acala  taata  cannot 
provide  quantitative  information  about  the  full  acale  eventa. 
Detailed  data  obtained  by  varioua  taata  deacribed  in  the 
pertinent  literature  bear  thia  out. 

The  reduced  preaaure  tank  reproducea  the  behavior  of  the 
bubble,  but  not  that  of  the  ahock  wave.  Excluding  very  shallow 
explosiona  and  those  on  or  above  the  water  surface,  bubble  motion 
is  probably  the  most  important  factor  in  the  wave  formation  and 
tha  limitations  of  the  reduced  pressure  tank  technique  are 
probaljly  acceptable.  Bence,  laboratory  studies  of  the  wave 
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foraation  procasa  in  a  raducad  praaaura  tank  can  yiald  uaaful 
quantitatlva  infomatlon. 

For  vary  ahallow  and  for  aurfaca  axploaions  tha  ahock  wava 
producaa  tha  indantatlon  of  tha  watar  aurfaca.  For  latar  aaownta 
of  tiM  whan  tha  prasaura  haa  droppad*  tha  affact  of  tha  hydro- 
atatlc  praaaura  bacomaa  noticaabla.  It  ia  not  claar  at  tha 
prasant  tijaa  tdiathar  or  not  an  arguBMnt  aimilar  to  that  of  tha 
aarly  bubble  aotlon  ia  applicable  hare.  If  it  appliaa,  c\iba  root 
acalad  nodal  tests  in  tha  open  %nttor  can  provide  tha  initial 
conditiona,  but  not  tha  total  wava. 

Teats  in  tha  high  gravity  tank  account  for  tha  affact  of 
tha  ahock  yimvm  as  wall  as  that  of  tha  hydrostatic  pressure. 
Howavar*  two  points  need  attention,  nanaly,  surface  tension  and 
similitude  of  tha  axploaiva  source.  In  micro-scale  tests, 
surface  tension  can  considerably  change  tha  picture  of  events. 

It  is  not  known  to  what  extent  this  includes  tha  processes  impor¬ 
tant  for  the  generation  of  sxxrfaca  waves.  For  surface  explosions, 
tha  diffarancaa  between  nuclear  and  chemical  explosions  brjcome 
noticaabla  and  particular  caution  must  be  observed  in  such  model 
tests.  Whether  or  not  electric  sparks  can  simulate  tha  charac¬ 
teristics  of  nuclear  explosions  near  tha  water  surface  in  an 
adequate  manner  has  not  been  established  so  far. 

Fennay  (1944)  derived  scaling  laws  for  surface  waves  from 
explosions  above,  on,  or  beneath  tha  water  surface  and  concluded 
that  "results  to  be  expected  from  large  explosions  scale  up  with 
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thoM  of  a  givan  aiull  axploaion  in  tha  ratio  of  tha  fourth  root 


of  tha  charga  ratio,  tha  eorraaponding  diatancaa  and  daptha  baing 
in  tha  aaaM  ratio*.  For  two  aauill  acala  axparinanta.  Pannay 
pradictad  that  wava  haighta  and  diatancaa  follow  tha  euba  root 
scaling  law.  Tha  lattar  stataaant  rafars  to  auch  saall  axplosiona 
that  gravity  doaa  not  strongly  affsct  tha  bubbla  bahavior.  Such 
conditions  ara  not  of  graat  practical  slgnificanca.  Tha  naad 
and  iaportanca  of  cha  praasura  raductlon  in  connection  with  tha 


fourth  root  scaling  law  was  not  racognlzad  at  this  tii 


Today 


it  is  understood  that  tha  reduction  of  tha  air  presaura  and 
axploaion  praasura  is  an  indispansabla  part  of  tha  fourth  root 
scaling. 

10.13  Ondarwatar  Craters.  Up  to  this  point,  our  considerations 
concerned  tha  notion  of  fluids.  Tha  fomation  of  craters  in 
tha  botten  of  tha  sea  involves  not  only  hydrodynanlc  processes, 
but  also  those  which  depend  on  tha  strength  of  the  solid  botton 
natarial.  Bence,  tha  strength  of  tha  naterial  most  be  included 
in  tha  scaling  analysis.  In  Part  XI,  it  will  be  shown  that 
the  original  version  of  Hophinson's  scaling  rule  included  tha 
stresses  occurring  in  targets  attached  by  explosions. 

For  our  present  purpose,  it  suffices  to  state  that  tha 
pressure  scale  factor  n  is  directly  applicable  to  tha  pressures, 
i.a.,  tha  stresses  occurring  in  tha  solid  material  of  targets  as 
wall  as  in  the  ground  into  which  the  explosion  blasts  a  crater. 
This  holds  for  tha  cube  root  as  well  as  for  the  fourth  root 
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•ealing  rule  and  %m  hava  (aaa  Tablas  3.1  and  S.l): 

Seala  factor  of  straaaas 
a 

i  *  -j-  •  n  ■  1  Cuba  root  scaling  law 

a  '2^  a  n  -  X  fourth  root  scaling  law 

If  nodal  taats  %fara  nada  using  sMdla  which  hava  axactly 
tha  aasw  propartlaa, In  particular  tha  sans  atrangth,as  In  tha 
full  acala.  cuba  root  scaling  Is  appllcabla.  Valocltlaa, 
prasauras,  and  straaaas  will  ba  aqual  at  honologous  points 
(Artlcla  6.1)  •  Hanca,  crushing  of  tha  solid  Mtarlal  occurs  at 
honologous  locations  and  tlnss  and  all  notions  ara  slnllar. 

Tha  raqulrad  aquallty  of  tha  strangth  propartlas  In  actual  aiodal 
and  full  seala  tasts  Is  raraly  satlsflad. 

A  nora  Important  factor  Is  tha  load  of  tha  ovarburdan  whl^ 
adds  to  tha  strassas.  Obviously,  tha  strassas  cannot  ba  aqual 
In  tasts  of  dlffarant  slzas.  If  this  factor  Is  consldarad. 

Fourth  root  scaling  Is  approprlata  If  this  factor  alona  tmra 
Important.  Hare,  It  Is  assumed  that  all  strassas  ara  proportional 
to  tha  length  scale  factor  X,  hanca  all  strassas  Increase 
linearly  with  depth  In  tha  same  way  as  tha  hydrostatic  pressure 
of  a  liquid.  The  further  Implications  of  tha  foxirth  root 
scaling,  namely  a  general  pressure  reduction  proportional  to  the 
length  scale  factor  X  must  not  ba  overlooked. 

Since  neither  of  these  conditions  obtains  in  tha  actual 
crater  formation,  strict  scaling  appears  to  ba  Impossible. 
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According  to  Artlcl*  7.5.2  of  Chaptor  VIX  th«  crater  diameter  is 


roughly  proportional  to  the  cube  root  of  the  charge  weight  or 
yield,  but  the  depth  is  closer  to  the  fourth  root  (power  0.27), 
if  charge  position  and  depth  of  water  are  cube  root  scaled.  This 
means  that  the  crater  shapes  are  not  geometrically  similar,  but 
distorted,  as  in  the  example  of  a  distorted  model  mentioned  in 
Article  2.1. 

The  absence  of  similitude  becomes  furthsr  evident  in  the 
trend  of  experimental  results.  For  instance,  the  scatter  of 

> 

data  on  the  crater  radii  from  different  yields  is  smaller,  if  the 

0  3 

radius  and  the  depth  of  explosion  are  reduced  by  w  *  instead  of 
This  is  an  entirely  empirical  result.  It  is  useful  for 
interpolation  as  well  as  extrapolation.  But  it  is  trustworthy  ' 

only  if  it  is  supported  by  a  sufficient  nxunber  of  data  points  ^ 

■j 

which,  in  the  case  of  extrapolation,  must  be  close  to  the  full  < 

scale  condition. 

There  remains  the  possibility  of  making  model  tests  in  a 
high  gravity  tank.  This  permits  a  scaling  of  the  load  of  t7ie 
over-burden.  This  load  may  not  necessarily  correspond  to  the 
total  hydrostatic  pressure  of  the  bubble  theory.  For  craters  iu 
an  ideally  granual  and  dry  material  the  atmospheric  pressure  is 
probably  irrelevant.  This  means  that  the  bubble  scaling  method  i 

developed  for  the  reduced  pressure  tank  vould  not  be  applicable. 

It  means  furthermore  that  the  reduction  of  the  atmospheric 
pressure  cannot  be  used  in  the  high  cravit-^  ta.ih  to  increase  the 
length  scale  factor  as  described  in  .  rticle  9.4.  However,  it 


ummmm  that  avan  for  "dry”  cratars  incluaion  of  tha  atmospharic 
prasaura  improvaa  tha  scaling,  conpara  Huclaar  Gaoplosics,  paga 
76.  Thus,  tha  scaling  analysis  for  cratarlng  rasanblas  that  of 
tha  undarvatar  axplosion  btibbla.  Tha  high  gravity  tank  appaars 
to  ba  a  promising  tool,  in  particular  for  tha  study  of  under- 
water  cratering. 

10.14  Susmiary.  A  rula-of-thosb  is  given  for  an  appraisal  of 
tha  usafulnass  of  a»dal  explosions  conducted  in  open  water > 

Such  toots  promlsa  qaantltatlva  results  only  if  the  affect  of 
gravity,  surface  tension,  and  viscosity  play  a  nlnor  role, 
l.s.  only  if  cube  root  scaling  is  applicable.  In  soaa  cases, 
this  holds  true  for  viscosity  and  sfurfaee  tension.  However, 
gravity  la  Involved  in  a  nunber  of  phenosMna.  In  particular 
one  must  be  suspicious  of  gravitational  effects  -  and  therefore 
of  a  failure  of  similitude  -  in  all  those  cases  where  the  bubble 
is  involved.  However,  the  early  bubble  expansion  is  not 
strongly  affected  by  gravity  and  is  amenable  to  cube  root  scaling. 

The  prospects  of  scaling  in  field  tests  are  discussed  for 
a  nunber  of  processes  associated  with  underwater  explosions. 

I 

?  The  prospects  are  poor  for  the  spray  dome,  surface  phenomena 

from  deep  explosions,  base  surge  propagation,  surface  waves,  and 
underwater  cratars.  Soma  phases  of  the  column  formation  from 
shallow  explosions,  the  blow-out  process,  and  the  air  blast 
from  underwater  explosions  should  follow  the  cube  root  law. 

In  amny  cases,  the  details  of  the  process  are  not  well  enough 

! 

understood  to  allow  firm  conclusions. 
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XZ.  SCAl^ZNQ  OP  OAMMSB  PROCESSES 


Although  a  discuaaion  of  th«  tachniquoa  of  danag*  studias 
is  bayond  tha  scopa  of  this  papar*  tha  fundamantals  of  scaling 
damaga  to  targata  will  ba  includad  for  coaiplatanaas. 

11.1  Tvpas  of  Paaaqa.  CoiaBonly»  an  undarwatar  axplosion  can 
inflict  thraa  typas  of  damaga  upon  a  ship  targat*  (a)  X<ocal  hull 
damaga.  This  is  aasantially  producad  by  tha  shock  wava,  its 
aftarflow,  and  tha  bubbla  pulaas.  Most  oftan  it  occurs  naar  tha 
point  of  axplosion.  Daamga  to  bulkhaads  and  protaction  systama 
also  balongs  in  this  class,  (b)  Whipping.  This  rafars  to  tha 
violant  transvarsal  vibrations  of  tha  body  of  a  ship  or  subnarina. 
Thasa  vibrations  oftan  causa  tha  target  to  break  in  two.  Pailurs 
does  not  naeassarily  occur  at  points  naar  tha  explosion.  Whipping 
is  tha  result  of  both  tha  action  of  the  shock  wava  and  tha  pulsa¬ 
tion  and  migration  of  tha  bubbla.  (c)  Interior  or  shock  damage. 
This  is  damaga  to  machinery  and  equipment  and  is  cassMnly  tha 
result  of  tha  shock  wava  impact  upon  tha  ship. 

11.2  Shock  Wava  Damaga  and  Bubbla  Pasaga.  It  has  bean  shown  in 
tha  previous  articles  that  different  scaling  msthods  are  needed 
to  study  shock  wava  phenomena  and  bubbla  phenomena  by  means  of 
modal  tests  and  that  it  is  much  more  difficult  to  reproduce 
bubbla  phenomena  on  a  modal  scale.  It  is  easy  to  sea  that  thasa 
difficulties  will  ba  enhanced  if  damaga  to  targets  caused  by  tha 
b\ibble  is  includad.  Therefore,  in  tha  consideration  of  tha 
scaling  of  damaga  phenomena  it  is  appropriate  to  consider  tha 
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daaag*  fro«  •ithar  shock  %rsv«  or  bubble  as  cases  by  themselves, 
rather  than  to  divide  the  dasuige  phenomena  into  the  three  types 
discussed  above. 

11.3  Bffecti/enesa  of  Bubble  Phenomena.  The  action  of  the  bubble 
is  Bttst  effective  in  whipping  damage.  Whipping  is  particularly 
dangerous,  if  as  for  an  HB  underkeel  explosion,  various  parts  of 
a  ship  are  accelerated  by  the  explosion  with  greatly  different 
intensities jSuch  a  condition  provides  for  velocity  and  displace¬ 
ment  distributions  along  the  body  of  the  ship  which  will  result 
in  a  bending  and,  since  the  phenomena  are  transients,  in  flexural 
vibrations. 

For  nuclear  explosions,  whipping  is  of  secondary  interest 
since  at  the  large  distances  where  nuclear  explosions  are  effectivr 
all  ports  of  the  target  facing  the  explosion  are  about  equally 
loaded.  The  target  will  essentially  be  subject  to  local  damage 
(according  to  the  above  definition)  along  its  entire  length  and 
little  whipping  will  result. 

The  bubble  pulses  ^ich  are  emitted  from  the  pulsating  bubble 
also  play  a  minor  role  in  the  damage  from  nuclear  explosions. 

Bubble  pulses  from  nuclear  explosions  are  weak  because  of  the 
large  gravity  migration.  Zt  can  also  be  demonstrated  that  the 
surface  reflection  obliterates  a  major  portion  of  the  pulse. 

This  holds  not  only  for  surface  ships  but  also  for  subBiarines  at 
shallow  to  moderate  depths  of  submergence. 

These  considerations  indicate  that  bubble  phenosMna  from 
nuclear  explosions  have  little  bearing  upon  damage  to  targets. 
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Bow«v«r,  it  Bight  b«  of  intorost  to  aontion  that  in  tha 
fiald  of  convantional  undarwatar  waapona.  in  particular  lainas, 
bubbla  phanoBana  ara  by  no  aaans  uniaportant  in  tha  daaaga 
procaasas.  Zn  thia  fiald,  it  ia  raalisad  that  tha  difficultiaa 
in  scaling  bubbla  daaaga  in  aodal  taata  ara  ao  ovarwhalming  that 
only  full  acala  taata  againat  full  acala  targata  ara  baliavad  to 
giva  quantitative  raaulta.  Thia  concluaion  ia  not  aurpriaing  in 
viav  of  tha  fact  that  biibbla  phanooMna  can  ba  acalad  only  in 
asall  test  tanka.  Raaliatic  aodala  of  such  saall  targets  idiich 
alBulata  tha  response  and  tha  strength  with  acceptable  accuracy 
can  ba  only  built  with  great,  if  not  insumountabla  difficulty. 

It  Bust  ba  raBambarad  that  forces  and  prassuras  can  ba  reproduced 
only  by  tha  high  gravity  tank  technique.  For  daaaga  studies  in 
an  undarprassura  tank,  models  of  reduced  strength  and  elasticity 
Bust  ba  built.  Each  coaponant  must  ba  gaomatrically  reduced  and 
Bust  have  tha  same  density.  But,  tha  modulus  of  elasticity,  tha 
yield  strength,  and  tha  ultimata  strength  should  ba  reduced  by  1, 

A  practical  realization  of  these  requirements  has  not  bean 
attempted  at  tha  time  of  this  writing. 

Another  interesting  possibility  for  HE  damage  tests  concerns 
bubbla  migration  toward  tha  target  (tha  bubbla  is  attracted  by 
rigid  bodies)  and  tha  corresponding  enhancement  of  the  effective¬ 
ness  of  tha  bubbla  pulse.  For  submerged  submarine  targets,  the 
pressure  reduction  required  for  tha  scaling  of  bubbla  behavior  due 
to  gravity  can  ba  obtained  by  a  correspondingly  shallower  sub¬ 
mergence  of  the  Biodel.  So  long  as  the  depth  of  the  modal  is  such 
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that  th«  mffmet  of  th«  fra*  water  aurfaca  can  ba  naqlactad«  this 
aathod  is  appropriate  if.  and  only  if*  the  scaling  raqulraaants 
of  the  explosive  are  observed,  i.e.,  if  a  %MaXer  explosive  is 
used  (see  Article  8.2) .  Also,  the  strength  of  the  target  should 
be  correspondingly  reduced.  These  cosiplications  illustrate  the 
difficulties  of  the  scaling  of  bubble  daauige,  if  gravitational 
effects  are  involved. 

However,  there  are  situations  of  practical  inportance  «d>era 
the  influence  of  gravity  is  insignificant.  Here,  bubble  pulses 
and  bubble  pulse  daange  can  be  scaled  by  the  cube  root  law.  The 
affect  of  snail  charges  against  subaarines  at  great  depths  is  an 
exaaqple. 

11.4  The  Scaling  of  Shock  Wave  Dasuwe.  The  discovery  of  the 
cube  root  scaling  is  coMnonly  attributed  to  Bopklnson.  Actually 
Bopkinson  derived  this  scaling  rule  in  order  to  use  it  for  explo¬ 
sion  dasaga.  Zf  we  go  back  to  the  derivation  of  cube  root 
scaling  (Article  3.7) ,  it  is  easy  to  see  how  danage  processes 
can  be  included. 

According  to  the  cube  root  scaling  law  the  diaension  of  the 

explosive  charge  is  reduced  by  the  length  scale  factor  1.  This 

■sans  a  reduction  of  the  volusw  and  might  of  the  charge  by  1^. 

All  Mterials,  nanely  the  explosive  and  the  aabient  nediun,  nust 

be  the  saM  for  both  the  nodel  and  the  full  scale  test.  Under 

such  conditions  the  pressures  and  the  velocities  produced  by  the 

explosion  are  the  saaM.  If  a  nodal  of  the  target  is  used  %«hich 

is  exactly  geonetrically  sinilar  and  which  is  made  of  a  naterial 

of  exactly  the  sane  properties  as  the  full  scale  target,  sisulitads 
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of  th«  dSBtfga  procossos  will  b«  achiovodt  Sine*  tho  prossuros 
•ro  equal ,  atreaMa  in  the  auitarial  will  b«  the  aaaa  at  hooologoua 
pointa.  DynaauLc  aiailituda.  w'«iich  ia  aatiafiad  by  the  suba  root 
acaling,  will  aaaura  ainilar  da flaction-tiaM  hiatoriaa<  aiailituda 
of  tha  raatraininq  forcaa  of  alaatic  and  plaatlc  daforaation,  and 
will  finally  aaaura  fracturaa  at  hoaiologoua  pointa. 

Tha  acaling  analyaia  ia  a<wia%«hat  involved,  if  it  in  daairad 
to  dataonatrata  that  all  detaila,  auch  aa  forcaa  of  tanaion, 
compraaaion,  flexure,  ahaar.  toraion.  ate.  aa  wall  aa  dataila  of 
tha  procaaa  of  fracture  are  accountao  for.  Thia  will  be  oaiittad 
hare.  Uo%Mvar.  for  conplatanaaa  a  claaaic  charactariatic  nodal 
number  will  be  mentioned,  namely  Cauchy* a  number.  It  aaama  that 
thia  number  waa  firat  uaad  to  aatabliah  aimilituda  of  alaatic 
vibrationat 

Cauchy  Humber  -  .Leng^)  ^  _ 

^  (Charactariatic  Tima) ^  Modulua  of  Blaaticity 

(11.1)  ^2  - 

or  C  «  ”g'"t  with  B  »  acala  factor  of  alaaticity  . 

B 

Thera  ia  aimilituda  of  alaatic  vibrationa  if  tha  Cauchy  number 
haa  tha  aama  value  for  modal  and  full  acala.  For  Bopkinaon'a 
scaling  (cube  root  acaling)  we  have  p  ■  1.  E  ■  1,  and  X  ■  t. 
thua  Cauchy's  criterion  of  aimilituda  ia  satisfied. 

An  equivalent  form  of  Cauchy* a  nuadPar  ia  (compare  Table  3.1) 


C 


Charactariatic  Preaaura 
Hodulua  o^  Blaaticity 


or  C 
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Obviously,  this  nusd»«r  rsfsrs  to  siailituds  of  slastic  (static) 
dsfonations. 

r  .  (Charactariatic  Velocity)^  Dsnsity  ^  P 

^  Modulus  of  Elasticity  or  u  > 

For  solids  or  liquids.  E/p  can  ba  intarpratad  as  tha  square  of 
tha  sound  velocity  c.  Thus,  this  fora  of  Cauchy's  nuabar 
corresponds  to  tha  square  of  the  Mach  nuadber. 

If  the  andulus  of  the  elasticity  is  replaced  in  (11.1)  by  tha 
yield  stress,  the  criterion  for  siailitude  of  the  beginning  of 
plastic  defOraation  is  obtained.  Introduction  of  the  ultimate 
strength  of  the  aaterial  yields  the  criterion  for  fracture. 

«  > 

It  can  be  readily  verified  that  Hoidclnson* s  scaling  satisfies 

! 

all  these  criteria.  , 

11.5  Practical  Application.  In  contrast  to  the  favorable 
picture  given  by  tha  scaling  analysis,  practical  applications 
often  encounter  difficulties,  because  it  is  not  generally  possible 
to  comply  with  the  requirements  of  similitude  for  the  model  target. 

The  use  of  the  sane  mterial  in  the  target  design  does  not 
necessarily  assure  equality  of  the  material  properties.  For 

instance,  it  has  bean  observed  that  the  ductility  of  steel  plates  -f 

depends  on  their  thlcXness.  Large  scale  steel  plates  tend  to 

.  -  -w 

rupture  for  smaller  strains  than  sheet  metal.  The  scaling  of 

fracture  is  a  difficult  problen.  Strictly  ductile  fractures  as 

they  occur  under  static  loading  can  be  scaled.  However,  fractures 

under  dynamic  stresses  are  in  many  cases  not  of  the  ductile  type.  | 
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Thay  uy  b«  of  this  typs  in  s  sasll  seals  tsst,  but  not  in  ths 
full  seals.  For  this  reason  eomparlson  of  ths  plastle  dsfoxna- 
tions  ars  often  used  to  obtain  an  index  of  ths  daMgs  severity 
and  of  the  iaednenee  of  fraeture. 

Another  major  diffieulty  arises  from  the  strain  rate 
effeet.  Kven  if  the  materials  have  identieal  statio  properties, 
the  yield  stress  will  be  different  in  the  model  beeause  the 
strain  rate  is  different.  The  strain  rate  has  the  dimension  of 
a  reciprocal  time,  hence  it  is  increased  inversely  proportional 
to  the  length  scale  factor,  ^inc  the  yield  stress  Increases 
with  the  strain  rate,  the  model  will  appear  to  be  relatively 
stronger  than  its  prototype.  Fortunately,  this  effect  does  not 
represent  too  much  of  a  scaling  problem  in  many  practical 
problem  areas.  Or.  Schauer  (Underwater  Explosion  Research 
Division,  PortsMuth,  va.)  writes  in  a  private  coaaiunieationt 
"laboratory  experiments  vith  simple  structural 
elements  show  an  appreciable  strain  rate  effect,  but 
the  latter  appears  to  be  less  influential  in  the  more 
complex  structures  of  interest  to  the  Naval  Architect. 

In  a  simple  system,  closely  representative  of  a  single 
degree  of  freedom  system,  the  deformation  process  is 
almost  completely  defined  by  the  geometry  and  very 
little  variation  in  the  deformation  pattern  is 
possible.  In  a  BKjre  complex  system,  many  degrees 
of  freedom  are  present  and  a  wide  variety  of  different 
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d« formation  pattarns  ia  availabla.  In  tha  firat  caaa. 
i.a.  tha  caaa  of  a  alnpla  ayatam,  attain  rata  af facta 
will  tharafora  raault  in  incraaaad  anargy  abaorption 
and  raducad  final  da formation.  Tha  coaiplax  atructuraa, 
howavar,wlll  try  to  avoid  configurationa  connactad 
with  high  local  attain  rataa  and  will  aaak  a  my  of 
daformation  whara  attain  rata  affacta  ara  raducad.” 

Tha  difficultiaa  ancountarad  in  tha  manufactura  of  par fact 
amall  acala  modala  ara  rathar  obvioua.  Gaoawtrically  aimilar 
rivating  and  walding  on  a  amall  acala  la  virtually  impoaaibla, 
also  channels  and  profiles  for  ribs  and  stiffsnars  can  hardly 
be  made  gaomatrically  similar  in  saiall  modala.  Of  course, 
axparience  and  clavar  design  can  ovarcoaa  these  difficulties. 
Further,  tha  significance  of  exact  models  is  somewhat  reduced  if 
tha  objective  of  tha  test  is  to  locate  stress  concentrations  and 
probable  points  of  failure. 

11.6  Listitationa  of  Hopkinson*s  Scaling.  It  is  important  to 
keep  in  mind  that  tha  above  described  scaling  method  holds  only 
for  tha  affect  of  tha  shock  wave  against  targets.  Gravitational 
effects  aure  not  scaled  nor  Is  the  effect  of  the  bubble  pulse, 
if  gravity  migration  occurs.  Cavitation  phenomena  can  affect 
daauige  of  weak  targets  to  a  considerable  degree.  In  contrast 
to  bulk  cavitation,  cavitation  near  yielding  plates  is  not 
affected  by  gravity  and  can  be  scaled. 


I.  J 


NOLTR  63-257 


11.7  Shock  Damage.  Th«  damaging  affect*  of  nuclear  explosion* 
to  such  items  as  gyro-compasses,  electronic  equipment,  and 
delicate  inatrusients  is  of  extreme  importance  for  the  delivery 
of  naval  nuclear  ordnance,  because  the  delivery  vehicle  may  be 
incapacitated  for  further  action  by  its  own  weapon.  Failure  of 
such  equipmenL  and  certain  machinery  may  occur  at  distances 
which  are  "safe'*  as  far  as  any  permanent  deformation  of  the  hull 
is  concerned.  Thus,  in  nuclear  srarfare  at  sea  this  type 
of  damage  is  of  great  significance.  ^ 

Direct  model  studies  cf  shock  damage  are  hardly  practical. 

For  instance,  to  design  a  siodel  gyro  %#hich  reproduces  the 
response  characteristics  to  shock  does  not  seem  to  be  «ix)rthwhile. 

Of  course,  it  can  be  substituted  by  a  velocity  meter  or  an 
accelerometer  and  the  shock  resistance  of  the  prototype  could 
be  studied  in  the  laboratory.  Such  model  tests  would  yield  the  , 

shock  environment  for  this  item,  i.e..  the  propagation  and  the 
change  of  the  shock  as  it  travels  through  the  ship  from  the  hull 
to  the  location  in  question.  There  may  be  sosie  doubt  if  ship 
BKjdels  can  be  siade  so  good  that  the  details  of  the  vibration 
characteristics  are  realistically  simulated.  There  is  also  | 

t 

doxibt  as  to  how  far  shock  siachines  can  correctly  simulate  the 
actual  shock  loading.  Hevertheless,  model  testing  has  its  place 
in  this  field  and  it  is  successfully  used  to  study  the  basic 
processes  %diich  lead  to  this  type  of  damage. 
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Since  shock  damage  tests  do  not  badly  endanger  a  ship  and 
since  repairs  will  concern  items  vfhich  are  anyhow  not  entirely 
stti table  for  cond>atant  ships,  full  scale  damage  teats  with  actual 
ships  are  being  made.  Teats  simulating  nuclear  explosions  are 
possible,  because  the  nuclear  underwater  shock  wave  can  ba 
reproduced  by  means  of  elongated  HE  charges.  This  is  an  example 
%d>ere  full  scale  testing  is  practical  and  preferable  for 
quantitative  answers,  but  where  model  tests  are  of  great  value 
for  the  investigation  of  fundamental  problems. 

11.8  Conclusion.  Although  model  tests  on  damage  processes  are 
difficult  to  conduct  and  although  the  validity  of  exact  scaling 
is  often  doubtful,  such  model  tests  are  by  no  means  superfluous. 

On  the  contrary,  if  their  limitations  are  understood,  if  they 
are  properly  evaluated  and  interpreted,  effective  use  can  be 

and  has  been  made  of  models  in  the  field  of  weapon  effects  against 
targets. 

11.9  Summary.  Cube  root  scaling  is  valid  for  underwater  explo¬ 
sion  dasiage  to  targets  caused  by  the  shock  wave.  The  target 
must  be  geometrically  similar  in  all  essential  details  and  its 
material  must  exhibit  the  same  properties  as  that  of  the  full 
scale  prototype.  The  latter  requirement  causes  practical 
difficulties  because  the  properties  of  steel  plates  often  depend 
on  the  thickness. 

If  damage  caused  by  bubble  phenomena  is  studied  in  a  reduced 
pressure  tank,  the  model  must  be  made  of  a  weaker  material  having 
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th«  MM  danaity.  Shock  wav#  damaga  cannot  ba  acalad  simultaneously. 
Howavar,  this  is  thaoratlcally  possibla  in  a  high  gravity  tank 
%#hera  bubbla  phanomana  can  ba  scalad  by  tha  cuba  root  law. 

XIX.  SUMMARY  AND  COMMEMTS 

12.1  Scalad  Modal  Tasts.  Modal  tasts  which  Mtisfy  tha  critaria  of 
similituda  hava  tha  advantaga  that  thair  rasults  apply  diractly 
to  tha  full  scala  condition.  A  simpla  changa  of  scala  or  tha 
uaa  of  dlmansionlass  or  raducad  variables  is  all  that  is  needed 
for  the  presentation  of  valid  full  scala  data. 

Tha  study  of  phanomana  iidiick  "cannot  ba  scalad"  by  means  of 
aK>dal  tasts  requires  full  scala  information,  either  from  experi¬ 
ments  or  a  good  theory.  nasa  data  are  used  to  nonaalica  or 
calibrate  tha  results  of  modal  tests. 

Clearly,  full  scale  information  is  necessary  in  both  cases. 
Scalad  tasts  are  expected  to  yield  correct  rasults.  Bara,  tha 
full  scale  result  Mrvas  as  a  checkpoint.  For  tasts  which  do 
not  scale,  agraaMnt  cannot  ba  expected.  Hence,  the  full  scala 
information  is  an  integral  part  of  tha  data  and  not  a  check. 

At  bast,  such  full  scala  results  can  show  that  the  deviations 
are  within  acceptable  limits. 

If  one  were  sure  of  correct  scaling,  full  scale  tests  could 
be  dispensed  with,  although  with  great  reluctance.  For  cases 
where  scaling  appears  impossible  one  is  sure  that  full  scale 
tests  are  needed.  Thus,  the  design  of  experiments  for  the 
observation  of  phenomena  for  which  scaling  is  not  assured 
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r«<iuir««  «  dlff«r«nt  and  much  nor*  alaborat*  approach  (Articla 

10.11). 

Tha  pradiction  aa  to  whathar  a  cartain  phanonanon  ia 
ajMnabla  to  acaling  la  callad  acaling  analyala.  Aa  for  any 
pradlction«  it  can  ba  aubjact  to  arrora.  Thla  la  why  a  full 
acala  chaek  la  daalrabla,  la  particular  la  naw  flalda. 

12.2  Tha  Tachnloua  of  tha  Scaling  Analyala.  It  la  tha  advantaqa 
of  tha  acaling  analyala  that  it  la  not  nacaaaary  to  go  into  tha 
datalla  of  tha  phanoaanon.  All  that  ia  naadad  ia  an  appralaal  of 
tha  aignlflcanca  of  tha  "affacta"  of  gravity,  coapraaalblllty, 
ate.  and  to  procaad  aa  auggaatad  by  Tabla  5.1  or,  if  nacaaaary, 
axpand  tha  erltarla  glvan  thara.  For  aKxlal  axploalona  in  opan 
watar,  tha  proeaaa  la  daacribad  In  Articla  10.1. 

Of  couraa,  ona  will  ba  Incllnad  to  liat  a  faw  affacta  axtra  • 
juat  to  ba  aafa.  It  ia  hara  whara  tha  actual  problaa  ariaaa, 
bacauaa  only  a  llaitad  nuadlMr  of  aiadlituda  criteria  can  ba 
aatiafiad.  Tha  judlcloua  choice  of  tha  aoat  inportant  affect 
and  tha  appralaal  of  tha  uaafulnaaa  of  tha  approxlaation  thua 
obtained  la  tha  crucial  point  of  tha  problaa  of  acaling  analyala. 

It  la  thla  atap  which  raquiraa  aklll  and  axparlenca.  It 
la  tha  proeaaa  of  whlcdi  Brldgaan  (1931)  wrote  that  It  cannot  ba 
aolvad  by  "tha  phlloaophar  in  tha  arachair”.  Although  Blrkhoff 
(1950)  later  refuted  thla  atataaant  by  doing  juat  ao  with  notable 
auccaaa,  nobody  will  deny  that  thla  ia  a  critical  and  delicate 
problaa.  However,  thara  are  guldaa  which  can  ba  uaad.  Thaaa 
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COM  froa  the  %faalth  of  scaling  axporloncs  in  fluid  dynaadcs  > 
for  instance ,  water  entry*  wind  tunnel  work*  naval  architecture* 
etc. 


The  appraisals  needed  in  scaling  analysis  nay  not  appeal 
to  none  who  consider  such  sathods  as  unacceptable  conjectures. 

Those  %«ho  do  so  overlook  the  fact  that  exactly  the  sasa  considera¬ 
tions  Btust  be  aade  for  any  theoretical  treataant  of  a  physical 
problea.  A  good  theory  covers  all  essential  effects  and  ignoras 
the  uniaportant  ones.  Thus*  sadel  test  and  theory  have  the 
obvious  fact  in  conaon  that*  strictly  speaking*  both  represent 
approxisationa.  Both  can  yield  realistic  results  of  great  value 
if  these  approxinations  describe  the  phenosMna  to  be  studied  with 
sufficient  accuracy.  Unfortunately*  it  is  not  always  possible  to 
design  aK>del  testa  which  include  all  significant  effects.  r 

12.3  Approximate  Scaling.  Since  the  fact  renains  that  many  | 

underwater  explosion  phenoMna  of  importance*  in  particular  those 
tdiich  are  connected  with  the  behavior  of  the  pulsating  buMble* 
often  earmot  be  appropriately  scaled*  one  has  to  Investigate 
possibilities  other  than  scaling  in  order  to  use  small  explosions 
to  obtain  the  desired  full  scale  results. 

Approximations  and  idealisations  of  the  actual  phenoMna  by 
means  of  simplified  concepts  are  tools  used  everywhere  in  physics. 

To  our  knowledge  there  exists  not  a  single  non-trivial  description 
of  a  flew  process  where  all  the  effects  listed  in  Tables  3.1  and 
5.1  are  included.  Such  an  attempt  must  be  considered  to  be 
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uruittalnabl««  «v«n  unraaaonabi* .  Kor  Instancat  nobody  would 
sariousiy  try  to  aolva  th«  Navlar-Stokaa  aquations  for  tha 
coaprasaibla  viscid  fluid  motion  for  tha  easa  of  a  slow,  ragular 
flow  of  watar.  In  this  casa  tha  approximation  of  an  idaal 
incomprassibla  liquid  will  yiald  sufficiantly  accurata  rasults. 
Moraovar,  such  approximations  ara  also  smda  in  casas  «>hara  tha 
conditions  ara  far  lass  claar  cut  and  «rhara  tha  a  f fact  of 
comprassibility  or  viscosity  may  hava  an  Influanca.  Dapanding 
on  tha  situation,  axcallant  rasults  ara  oftan  obtainad  by  thasa 
approximations. 

Thara  ara  thraa  methods  %diich  can  ba  usad  in  tha  casa  whara 
similituda  cannot  ba  achiavad  or  whara  iv  is  quastionabla.  Thasa 
ara  (a)  ttia  extrapolation  method,  (b)  tha  simultaneous  attack  of 
a  problem  by  means  of  theory  and  axparimant,  and  (c)  tha 
separation  method. 

12.4  Tha  B  xtrapolation  M  sthod  is  promising  if  tha  affect  which 
is  not  scaled  in  tha  modal  test  does  not  hava  too  great  an  influ¬ 
anca  on  tha  process.  In  this  casa  several  awdel  tests  arc  made 
at  different  scales.  Since  scaling  is  not  exactly  observed, 
tha  reduced  results  obtainad  will  be  different  and  will  ba  a 
function  of  tha  length  scale.  A  plot  of  tha  results  versus  the 
scale  in  %rhich  tha  modal  test  is  performed  gives  soma  indication 
of  tha  importance  of  tha  neglected  affect  and  often  permits  an 
extrapolation  to  tha  full  scale  condition.  But  one  can  ba  sura 
of  such  an  extrapolation  only  if  tha  variations  are  small. 
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12.5  Theory  can  ba  used  to  calculata  and  predict  the  phanonana 
for  tha  modal  taat  as  wall  as  for  tha  full  scale  condition.  A 
comparison  between  tha  results  of  tha  modal  test  and  theory  will 
establish  confidence  in  tha  theoretical  treatment  or  will  permit 
improveawnts  in  this  theory  until  satisfactory  agreement  is 
obtained.  After  such  a  check,  application  of  the  theory  to  the 
full  scale  can  be  made  without  hesitation. 

12.6  The  Separation  Method  is  used  in  cases  tdtere  two  effects, 
for  instance,  that  of  gravity  and  viscosity,  do  not  strongly 
affect  each  other.  A  classic  exaaiple  is  a  study  of  the  drag  of 
ships  in  a  towing  tank.  The  resistance  of  a  ship  consists  of 
two  portions,  that  which  is  caused  by  the  %#ave  formation  on  the 
water  surface  and  the  other  %fhich  is  caused  by  viscous  friction. 
The  first  is  governed  by  Froude's  sealing,  the  second  by 
Reynolds'  sealing.  In  the  towing  tank  Froude's  scaling  can  be 
satisfied  but  not  Reynolds'  scaling.  Therefore,  the  drag 
measured  in  the  towing  tank  most  be  corrected.  The  classic 
approach  is  to  account  for  the  skin  friction  by  means  of  a 
theoretical  formula.  With  the  use  of  this  formula  the  skin 
friction  of  the  model  is  eliminated  so  that  only  the  wave 
resistance  remins.  This  can  be  scaled  to  the  full  scale 
condition  and,  finally,  the  full  scale  skin  friction  is  added 

as  obtained  from  the  formula. 

In  underwater  explosion  research,  sho^  wave  phenomena  and 
bubble  phenomena  are  effects  which  one  may  consider  to  be 
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ind«p*nd«nt  of  each  othor.  Thorafora*  if  a  coaplata  plctura  of 
an  axploaion  ia  daairad,  shock  wava  Masuranants  could  ba  mada 
using  tha  cuba  root  scaling  law  and  tha  bubbla  phanomna  could 
ba  obsarvad  in  a  vacuum  or  gravity  tank  using  Frouda  scaling. 
Aftar  aach  of  thasa  a f facts  has  baan  scalad  up  to  tha  full  scala 
condition*  a  suparposition  will  rasult  in  tha  complata  pictura 
of  tha  phanoawna. 

12.7  Naw  Scaling  Laws?  Occasionally*  tha  statamant  is  mada  that 
tha  avaluation  of  axparimants  (say  on  tha  column  formation  of 
undarwatar  axploaions)  has  to  vnit  until  "naw  scaling  laws  ara 
fotind"  • 

Thara  is  hardly  any  possibility  of  dariving  naw  scaling  law^ 
bayond  thosa  mantionad  abova*  bacausa 

compr a s s ibi 1 i ty * 
viscosity, 
surfaca  tension* 
vapor  pressure*  and 
gravity 

describe  tha  motion  of  a  liquid  or  gas  as  completely  as  is 
necessary  for  the  study  of  bubbla  behavior*  surface  phenomena* 
base  surgo,  blast  waves  transmitted  into  the  air,  and  other 
hydrodynamic  processes. 

Of  course,  it  is  conceivable  that  a  further  effect  (for 
instance  radiation)  must  ba  added  in  certain  situations  •  But 
this  is  beside  the  point , which  is  that  fot  ci^ov»  quottid 
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undsriMtar  •xploalon  phanoMna*  i.a.  for  naraly  hydrodynaadc 
proeaaaaa*  affacta  othar  than  thoaa  listad  will  not  ba  dlscovarad. 

Although  thara  will  ba  no  naw  acallng  lawa«  It  la  and  will 
ba  poaalbla  to  daalgn  naw  taat  arrangMante  tdilch  aatlafy  tha 
acallng  lawa  with  battar  accuracy.  Thara fora «  tha  problaa  ia 
not  to  laqprova  acallng  lawa*  but  to  laprova  tha  axpariawntal 
tachnlquaa*  An  axaapla  of  thla  ia  tha  uaa  of  a  high  gravity 
tank. 

Anothar  poaalblllty  rafara  to  an  loprovad  thaoratleal 
Intarpratatlon  of  a  procaaa  which  cannot  ba  acalad.  An  axampla 
la  tha  diacuaalon  on  tha  halght  of  tha  coluam  in  Artlcla  10.5. 
Thla  nagnltuda  cannot  ba  acalad  in  flald  taata,  but  It  waa 
poaalbla  to  darlva  an  approxlMta  fonnila  by  adjuatlng  tha 
conatanta  to  tha  axlatlng  axparlnantal  polntat 

(86  -  8.5  In 

Thla  fioranla  Incorporataa  cuba  root  acallng,  gravity  and  air 
drag,  and  hanca  goaa  farthar  la  acopa  than  tha  nodal  taata.  Such 
advanoaa  In  thaory  will  alwaya  ba  poaalbla^  but  they  are  not 
naw  acallng  lawa. 

12.8  Suanarv.  If  ona  wara  aura  of  corract  acallng,  full  acala 
taata  could  ba  diapanaad  with,  although  with  graat  raluctanca. 

For  caaaa  whara  acallng  appear a  Inpoaaibla,  full  acale  t^sts  are 
naedad;  indeed,  they  are  an  integral  part  of  the  study. 
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Scaling  analyaia  raqulraa  only  a  gualltativa  undaratandlng 
of  tha  procasa  ao  that  tha  algnificanca  of  tha  af facta  of 
coapraaaibility,  gravity*  ate.  can  ba  appraiaad.  Quantitativa 
infonaation  on  datalla  or  mathamatical  aolutiona  ara  not  naadad. 

If  ainilituda  cannot  ba  achiavad,  thraa  mathoda  can  ba  uaad 
to  avaluata  and  utiliza  aatall  acala  taatat  (a)  tha  axtrapolation 
mathod,  (b)  tha  confirmation  of  thaory  by  maana  of  axparimanta 
and  tha  uaa  of  thia  thaory  for  tha  full  acala  conditiona*  and  (c) 
the  separation  r.othod. 

Thara  ia  hardly  any  poaaibility  of  dariving  naw  acaling 
lava*  in  tha  aanaa  dafinad  and  uaad  in  thia  papar*  But  it  may 
ba  poaaibla  to  daaign  naw  taat  arrangananta  which  aatiafy  tha 
acaling  lawa  with  battar  accuracy.  It  will  ba  alao  poaaibla  to 
obtain  inprovad  thaoratical  intarpratationa  of  procaaaaa  which 
cannot  ba  acalad.  Such  theoretical  approachaa  can  provide 
valuable  full  acala  information,  but  ara  not  naw  acaling  laws. 


NOLTR  63-257 

DISTRIBUTION  LIST 

Army  Copias 


Chief  of  Engineers 
Dept,  of  the  Arsty 
Washington  25.  D.  C.  20310 

Attnt  ENGCW-ME .  1 

ENGMC-E  .  I 

ENGTE-E  .  I 

Chief  of  Research  and  Development 
Dept,  of  the  Army 
Washington  25.  D.  C.  20310 

Attni  At<mic  Division .  1  i 

i 

Conmanding  General,  The  Engineer  Center, 

Ft.  Belvoir,  Virginia  22060 

Attni  Asst.  Coiibnandant,  Engineer  School  .........  1 

Commanding  General,  O.  S.  Army  Material  Command 
Washington  25,  D.  C.  20310 

Attni  AMCRD*DE-N  .  2 

Commanding  Officer,  U.  S.  Army  Corps  of  Engines*  », 

Coastal  Engineering  Research  Center  j- 

Washington,  D.  C.  20315  ' 

Attni  T.  Saville,  Jr . . . . .  1  , 

i 

Commanding  Officer,  U.  S.  Army  Nuclear  Defense  | 

Laboratory,  Edgewo^  Arsenal  « 

Edgewood,  Maryland  21040 

Attni  Technical  Library  . . 1 

Director,  Special  Weapons  Development,  Hq.  CDC, 

Ft.  Bliss,  Texas  79906 

Attn:  C.  I.  Peterson  (Nuclear  Group)  . .  1 

P.  Delaroain  (Nuclear  Group)  . 1 

Director,  U.  S.  Army  Corps  of  Engineers 
Nuclear  Cratering  Group 

Livermore,  California  . .  1 

I 

Director,  U.  S.  Army  Research  &  Development  Laboratory. 

Ft.  Belvoir,  Virginia  22060 

Attni  Chief,  Technical  Support  Branch  .  1  e 


205 


NOLTR  63-257 


DISTRIBUTION  LIST  (CONT’D) 


Copiaa 


Diractor,  Watarwaya  Bxp>arlmant  Station 


P.  O.  Box  631 
Vickaburg,  Mlaalaalppl 

Attnt  Library . . . . . .  1 

Mr.  J.  Stranga  . . .  I 


Navy 


Chiaf  of  Naval  Oparationa 
Navy  Dapartmant 
Waahington  25,  D.  C.  20350 

Attnt  OP-75  . . .  1 

OP-03BG . 1 

Chiaf,  Buraau  of  Naval  Waapona 
Navy  Dapartmant 
Waahington  25,  D.  C.  20360 

Attnt  RUME-3  . .  1 

RRRB-5  .  1 

DLl  -3  .  2 

Chiaf  of  Naval  Rasaarch 
Navy  Dapartmant 
Waahington  25,  D.  C.  20390 

Attnt  Coda  418  .  1 

Coda  466  .  1 

Coda  811  .  1 

Chiaf,  Buraau  of  Shipa 
Navy  Dapartmant 
Waahington  25,  D.  C.  20360 

Attni  Coda  423 . 1 

Coda  372 .  1 

Chiaf,  Buraau  of  Yarda  and  Docka 
Navy  Dapartmant 
Waahington  25,  D.  C.  20370 

Attni  D-400 .  1 

D-440 .  1 

Connandar,  U.  S.  Naval  Ordnance  Taat  Station 
China  Lake,  California 

Attnt  Technical  Library . 1 

Conmanding  Officer 

U.  S.  Navy  Mine  Defense  Laboratory 

Panama  City,  Florida  . . .  1 


206 


Ik  '  ■  - W 


i 


NOLTR  63-257 

DISTRIBUTION  LIST  (CONT'D) 


Copies 


Commanding  Officer.  U.  S.  Naval  Weapons  Evaluation 


Facility.  Kirtland  Air  Force  Base 
Albuquerque.  New  Mexico  87117 

Attni  Code  WEVS  . .  1 

Institute  of  Naval  Studies.  Center  of 
Naval  Analyses.  545  Technology  Square 
Cambridge  39.  Massachusetts 

Attni  Dr.  H.  J.  Wetzstein .  1 


President.  U.  S.  Naval  War  College 
Newport.  Rhode  Island . . . . 

Special  Projects  Office.  Navy  Department 
Washington.  D.  C.  20360 

Attn:  SP-272  . 


Superintendent.  U.  S.  Naval  Postgraduate  School 
Monterey.  California  . . . . 

Comnanding  Officer  and  Director 

U.  S.  Naval  Civil  Engineering  Laboratory 

Port  Hueneme.  California  . 

Attni  Mr.  T.  O'Brien . . . 

Commanding  Officer  and  Director,  U.  S.  Navy  Electronics 
Laboratory,  San  Diego  52,  California  . 

Commanding  Officer,  U.  S.  Naval  Radiological  Defense 
Laboratory,  San  Francisco  24,  California  94129 

Attn:  Tech.  Information  Division,  FOR;  Code  911... 

Code  934... 
Code  222... 

Commanding  Officer  and  Director,  David  W.  Taylor  Model 
Basin,  Washington  7,  D.  C.  20007 

Attn:  Library . . . . . 

Or.  W.  W.  Murray.. . . . 

Coimanding  Officer  and  Director,  David  W.  Taylor  Model 
Basin,  Portsmouth,  Virginia 

Attni  Underwater  Explosions  Research  Division . 

Director,  U.  S.  Naval  Research  Laboratory 

Washington  25,  D.  C.  20390  . . . . 

Attn:  R.  D.  Belsheim  . . . . 


207 


DISTRIBUTION  LIST  (CONT'D) 

Copies 


Commander,  U.  S.  Naval  Oceanographic  Office 

Washington,  D.  C.  20390  . . . . . .  I 

Air  Force 

Air  Force  Intelligence  Center,  Headquarters  USAF, 

ACS/I  (AFCIN-3V1)  ,  Washington  25,  D.  C . . .  1 

Air  Force  Cambridge  Research  Laboratories, 

L.  G.  Hanscom  Field,  Bedford,  Massachusetts  01731 

Attni  CRQ  ST-2  . . . . .  1 

Commander,  Air  Force  Weapons  Laboratory,  Kirtland 
Airforce  Base,  Albuquerque,  New  Mexico  87117 

Attni  Technical  Information  Office  . . .  1 

Director,  U.  S.  Air  Force  Project  RAND 
Vias  U.  S.  Air  Force  Liaison  Office 
The  Rand  Corporation,  1700  Main  Street 

Santa  Monica,  California  .  1 

Headquarters,  U.  S.  Air  Force 
Washington  25,  D.  C« 

Attni  AFRDP . . . . .  1 


Others 


Director,  Advanced  Research  Projects  Agency 
Washington  25,  D.  C. 

Attni  Dr.  Robert  A.  Frosch...... .  1 

Amherst  College,  Amherst,  Massachusetts 

Attni  Professor  Arnold  B.  Arons,  Physics  Dept....  1 


The  Boeing  Company 
7755  B.  Marginal  Way 
Seattle,  Washington 

Attni  Aerospace  Division,  Weapons  Unit 
Via:  BSD,  Borton  AFB,  California  94207 

Director,  Defense  Atomic  Support  Agency 
Washington  25,  D.  C.  20301 

Attni  PAAD-7  . 

Chief,  Classified  Technical  Library 
Technical  Information  Service, 

U.  S.  Atomic  Energy  Commission, 

Washington,  D.  C.  20545  . . 


208 


NOLTR  63-257 


DISTRIBUTION  LIST  (CONT'D) 


Copias 


Connandar,  Plaid  Comniind 

Cafanaa  Atomic  Support  Agancy,  Sandla  Baaa 

Albuquarqua,  Haw  Maxlco  87115  .  5 

Dafanaa  Documantatlon  Cantar.  Canaron  Station, 

Alaxandrla,  Virginia  22314 

Attni  TISIA-21  .  20 


Olractor,  Unlvaralty  of  Waahlngton 
Appliad  Phyalca  Laboratory 
1013  Baat  40th  Straat 
Saattla,  Waahlngton 

Attnt  Dr.  J.  Handaraon  . .  1 

Dlractor,  Wooda  Hola  Oceanographic  Inatltutioo 

t4ain  Street,  Wooda  Hola,  Maaaachuaatta  .  1 


Dlractor,  Oparatlona  Raaaarch  Office 
6935  Arlington  Road 
Bathaada,  Maryland 

Attnt  Docuaiant  Control  Office,  Waahlngton  14,  D.C.  1 


Olractor,  Scrlppa  Inatltuta  of  Ocaanograi^y 

La  Jolla,  California . . . . . . .  1 

Attnt  Dr.  W.  G.  Van  Dorn  .........................  1 

Dlractor,  Hudaon  Laboratorlaa,  Columbia  Unlvaralty 

145  Paliaada  Street,  Dobba  Ferry,  New  York . .  1 

Dlractor,  Dafanaa  Raaaarch  and  Enginaaring 
Waahlngton  25,  D.  C.  20301 

Attnt  Technical  Library  . .  1 


R****chuaatt8  Inatltuta  of  Technology 
Division  of  Sponsored  Research 

77  Massachusetts  Avenue,  Cambridge,  Massachusetts 
Attnt  Dr.  Robert  J.  Hansen 

Viat  Headquarters,  Defense  Atonic  Support  Agency 
Attnt  Maj.  H.  Wynne 

Washington,  D.  C.  20301  . 

Los  Alamos  Scientific  Laboratory 
P.  0.  Box  1663,  Los  Alamos,  New  Mexico 


Attn;  Dr.  D.  P.  McDougall  . .  1 

Report  Librarian  . . . .  1 


209 


7 


MOLTR  63-257 


DZSTRIBUTIOtf  LIST  (COMT'D) 

Copi«B 

Michigan  State  University.  Bast  Z.ansing,  Michigan 
Attni  Mr.  Gerald  Knapp,  Security  Officer, 

Administration  Building  for  Dr.  T.  Triffett..  1 

national  Marine  Consultants,  1500  Chapala  Street 
Santa  Barbara,  California 
Attnt  Library 

Via  I  Headquarters,  Defense  Atmic  Support  Agency 


Attni  CDR  J.  P.  Damrow 

Washington.  D.  C.  20301 . . . .  1 

national  Bureau  of  Standards,  Radiation  Laboratory 
Boulder,  Colorado 

Attni  Dr.  George  E.  Hudson  . . .  1 

Sandia  Corporation 

Sandia  Base,  Albuque<rque,  Hew  Mexico 

Attni  Classified  Docusient  Division  . .  1 

United  Research  Services  (Contract  0A-l»9-l46-XZ122) 

1811  Trousdale  Avenue 
Burlingame,  California 

Attni  K.  Kaplan  . . . .  1 

University  of  California,  Lawrence  Radiation 
Laboratory,  Box  808 
Livemiore,  California 

Attni  Technical  Information  Division  .........  2 

Dr.  G.  w.  Johnson . . .  1 

Illinois  Institute  of  Technology  Research  Institute 
Technology  Center  (Contract  AP06(635)-3655) 

Chicago  16,  Illinois 

Attni  Dr.  T.  H.  Schiffman  . .  1 

Hr.  A.  Wiedennan  . . .  1 


210 


“'-T-TT 


DOCUMENT  CONTROL  DATA  -  RAO 

fSoOiSETp  r/aMiffrAdfln  »t  Mti0.  An^  mt  •A«rv*e<  lAAnamA  ass  ait»a4  A«  sMfasM  wAow  aswaa/f  ia  cJn«st#i#tf> 

t  OAtCtMATINO  ACriwi«^V  fCnvpMRfa  gufAMi 

ta  Isr^ORIT  At  CU<SI  TV  C  L  AAtir  IC*  TtOM  | 

Siploslans  Research  Depaztaent 

U.  3.  Raval  Ordnance  Laboratory 

fA  AAAUA 

White  Oak.  Silver  Soring.  Maryland 

One 

S  At^OMT  TITLI 

Kodel  Tests  and  Sealing  (U) 

|4  OCSCAlAtIvt  (Typm  mi  tmpmf*  nrf  isscAsaop 

HOLCT  63-257 _ 

I  AUTHORS)  {Lmst  Hmt  ttmmm.  ttUUmI) 

3tJC[,  Vanm  0. 


•  RCPOHT  DATC 

1  Decgi<xir  196^1 

•  «.  coMTAAcr  om  %mAmr 


A  AAOjaCT  MO  H0LJ^29/DAaA 


I  10  A  V  A  IL  AOILirv/tlHtTATlOlt  OOTtCCO 


•  OOtOIMATOO*#  ACOOAT  MUMOtOrJ^ 

SOUR  63-2$T 

90.  OVMOA  AfOOOT  MOff)  (Amr  •th»t  numb9fm  0#«  m«r  0«  — *#i<0 
0i*« 

QMM  12i»0-X(3) 


a.  S«  HlUtary  Agencies  vmj  obtain  copies  of  this  report  direetijr  from  ODC. 
Other  qualified  ODC  users  shall  request  through  Director,  QASA. 


In  lueOCCMCNTAMT  HOTCf 


It.  SeoNfOKlHO  HIUTAMV  ACTIVITY 


Chapter  HX 
BxplosloDS, 


III  AMTAACT 


of  Underwater  Huelear 
Fart  Z. 


me  scaling  saalysis  of  underwater  explosion  phenonena  is  described.  Fartieolar 
egqdiasis  is  giren  to  the  possibilities  of  studying  nuclear  explosions  by  nesas 
of  saall  scale  nodal  tests. 

the  concept  of  "consistent  similitude”  is  stressed  and  is  compared  with 
dlnenslonal  analysis,  me  discussion  covers  aost  underwater  esqploslon  pbenonena. 
me  sealing  of  bubble  phenonena  is  surveyed  in  detail.  A  mle-of-tfauA>  is  given 
for  the  scaling  of  field  aodel  e^losione,  i.e.,  tests  in  open  water.  (U) 


DD  1473 


A-vnOOiriilL 

Security  Classification 


■  ■»  ■evT.a.  i li 


'i?^Ma  I  Sitflii  ii  fi  fi  aV. e  . 


iKlrili 


KCT  voitot 


_ ^ 

■  St-C 


LINK 


LIMK  C 


Model  teats 
Seeling  AnelTvls 
SlBllltuds 

Uhderweter  Sxploelons 
Utodsrweter  Hueleer  Kxploaloos 
Underweter  Sp^loaion  Shoekwere 
Itodenreter  Kxploaloo  Bubble 
Underweter  BxploelOD  Surfece  Sffeets 
Underweter  Explosion  OuMge 


INSTRUCTIONS 


«.  ORIGINATING  ACTIVITY;  Enter  thn  natnn  and  addraaa 
of  iKo  contrortor,  •ubconlfoclor,  crantoo*  O«f>ortmofit  of 
loiiM  octlvily  or  ofhor  orconixolioA  ^corporoTo  suthof)  iaouinc 
\hm  report. 

2o.  REPORT  SECUHTY  CLASSIFICATION:  F.ntor  tho  o«or> 

«U  •ocurliy  clooaificorton  of  (ho  roport.  Indfecoto  whothor 
'*Ro«(rictod  Data**  ia  included  Markins  ia  (o  bo  tn  accor<^ 
anco  «ith  apprepriaio  aocurMy  roculafioaa. 

2h.  GROUP:  Automallc  doamcradinc  ia  apoctfiod  In  DoO  0^ 
roctivo  S200.t0  and  Armod  Forcoa  Induatrlal  ManuaL  Kmev 
tho  (roup  ntaHbor.  Alao,  whan  appiicabto.  ahow  that  optional 
markinsa  have  boon  uaod  for  Group  i  and  G*oup  4  aa  author- 
tiod. 

3.  REPORT  TITLE:  Eidor  tho  complato  roport  title  alt 
capital  lottora.  Titloa  in  all  caaoa  should  bo  unclaaaifiod. 

If  a  meantncful  title  cannot  bo  aoloclod  without  claaoific*» 
lion,  ahow  title  claaaificotion  in  all  capitala  in  paronthoaia 
tmaiodiataly  foUowinf  tho  title. 

4.  DESCRIPTIVE  NOTES  If  appropriate,  enter  the  type  of 
report,  e.f.,  irnertai,  progreaa,  aummiry,  annual,  or  final. 

Givo  the  incluaive  detea  when  e  apeciflc  reportiof  period  ia 
coTored. 

5.  AUTHORCS):  F.«»:or  the  neraefa)  of  outhoKa)  aa  shown  on 
or  in  the  report.  Kntrr  lest  name,  firat  name,  middle  initial. 

If  military,  show  rank  and  branch  of  aarvice.  Tha  name  of 
the  principal  author  ia  an  ahaolute  minimum  re^uiremenL 

6.  REPORT  DATE:  Eniar  the  dale  of  tha  raport  aa  day. 
month,  year,  or  morth,  year,  if  more  than  one  date  appeera 
on  the  report,  use  date  of  publication. 

7a.  TOTAL  NUMBER  OF  PAGES  The  total  pa(e  count 
should  follow  normal  pacination  procedures,  ue.,  enter  the 
number  of  patcea  containing  informatiom 

7b.  ffUMbER  OF  REFERENCES  Enter  the  total  cw»n*er  of 
references  cited  ui  the  report. 

8a.  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  enter 
ihe  appl  icable  number  of  the  contract  or  (rant  under  which  | 
the  report  wae  written, 

8b,  8c,  S  PROJECT  NUMBER:  Entor  the  appropriate 
military  r'cpartmenC  identification,  such  aa  projact  number, 
aufapiojec.'  number,  system  numbers,  task  number,  etc. 

9a.  ORIGINATOR'S  REPORT  NUMBER(S):  Enter  the  offi¬ 
cial  report  number  by  which  lha  document  will  be  identified 
and  controlled  by  the  oricinating  activity.  Thla  number  muat 
be  unique  to  this  report. 

9b.  OTHER  REPORT  NUKBERfS):  If  the  report  has  been 
asaifned  any  other  report  numbers  feitber  by  ihe  onginMtor 
or  by  rhe  sponsor),  also  enter  this  number<8). 

10,  AVAILABILITY/LIMITATION  NOTICES  Enter  any  lim¬ 
itations  on  further  dissemination  of  the  report,  other  than  those 


imposed  by  security  classificBliou,  uainc  staadard  atatsmsata 
such  aa: 

(t)  ''Qualified  requeaters  may  obtain  copies  of  Ibis 
report  from  DOO*' 

(2)  "Foroicn  announcemom  and  diasamioMian  af  thin 
rapoft  by  DDC  is  not  authorita^** 

(J)  "U.  S.  Gorammawt  aqancias  may  obtain  coploa  of 

this  report  diracUy  from  DDC.  Oihar  qunliflad  DDC 
usors  shall  roRuest  throucb 


(4)  **U.  S  military  afoncias  aiay  obtain  coplon  of  thin 

report  directly  from  DDC  Other  qualified  saern 
shall  request  throuch 


(5)  "All  distribution  of  this  rsport  is  controllsA  ^sl- 
ifiod  DDC  ussrs  shall  roquest  Ihrou^h 


If  the  report  haa  been  fmished  to  the  OfHce  of  Technic^ 
Services,  Oepsrtmsnt  of  Commerce,  for  sele  to  the  public,  ind^ 
cate  this  fact  and  enisr  the  price,  if  knowm 

IL  SUPPLEMENTARY  NOTES  Use  for  addition^  esplsno. 
tory  notes. 

12.  SPONSORING  MILITARY  ACTIVITY:  Erter  Ihe  name  of 
the  depertmentel  project  office  or  l^wratory  sponaorinc  fpaj^ 
tng  lor}  Ihe  research  and  devslopmenL  Include  address, 

13-  ABSTRACT:  Enter  an  abstract  |iyin(  s  brisf  and  factual 
summary  of  the  document  indicative  of  the  report,  even  though 
it  may  also  appear  alsewhare  in  the  body  of  the  technical  re¬ 
port.  If  sdditionel  spece  is  required,  a  continuation  shaet  shall 
be  ettached. 

It  le  highly  desirable  that  tha  abstract  of  ctasaified  reports 
be  unclessified.  Esc.,  peragrsph  ol  the  abstract  shall  end  with 
an  indication  of  the  military  security  classification  of  tha  in¬ 
formation  in  the  paragraph,  represented  as  rr5>.  f5>.  (C).  or  (U) 

There  is  no  limitation  on  the  length  of  the  abstrect.  How¬ 
ever.  the  suggested  length  is  from  ISO  to  22S  words. 

14.  KEY  VORDS:  Key  words  are  technically  meaningful  terms 
or  short  phrases  that  characteriaa  a  report  and  may  be  used  us 
indea  entries  for  cataloging  the  report.  Key  words  must  be 
selected  so  that  no  security  classification  is  required.  Identi¬ 
fiers,  such  as  equipment  model  designation,  trade  name,  military 
project  code  name,  geographic  location,  may  be  used  as  key  | 
words  but  will  be  followed  by  an  indication  of  technical  con¬ 
test.  The  assignment  of  links,  rPles.  and  weights  is  optional. 


Security  Classificatioa 


•‘-u.w  .'tmT.  x’-  I  li  r  ■ 


I 


ii  u 

smn 


0*0 

I  *  •  # 

J 

;r  Bfc 


2: 

If 


i 


3 

I 

U'-- 

5t94 

Siala 

4  5jrg^ 

55i  < 

0  O  MO  0 
•p  •1^0 

.JM  •  4 

mK 


.1 


Ii4^a^8  ir- 


lil  13 

^  0  M  0  •  •  4* 

•  L<^  0  K  9  9  *  9  0 

H  0  a^  •  K04^«^ 

4  H*»  QH 


1 


3;;^, 


0  0 


4*  O  <0 


8S2?  ;48‘i| 

iL44;s4la^e£a 


lal^lillfti 

iM-li'ihiS 

•  H0«  ieoF^*  Ch3 

a«23*4ia|3d  i'Jr^m 

■sl:;a‘‘f  3§*||=3 

•'4  3  "ai^  '*'• 

9»*aS'q^da4'a 

fo/a  0  o  q  •  e  •  M 

35:?:!«:Ii: 

M  40  qM  •  mM  • 

5Soi*^:i&44^ 

;H4ii:43  .i 

i«  #  0  0  04»^r4  qm 


0  u 
a  0 

O  44 

si 

•-<  0 

e-s 


3 


*4  0  0  <0 

O  0  &  4*  0  0  0 

<He|qO0*  00 

Hi-4  0  0^  >^0w<«O 

o  cu**?  %4  4*  0  a  i«  o 

^M;9MF«<occci*ia, 


.M  tt> 

MIH  HH 


0«H 

%4 

^«4 

s: 

W  0 

4»«H 

II 


§1 

M  0  M  0  0  •  m 

S|4SC?.  -‘’88 

«-4  0Bp4  0  0M  K0«4«^ 


<V—  -4HI 


li 

Z^] 

2: 

ii 


3.-: 

i/)  rn 


O  I 

o 

2  ^ 

a  cj 

0fH 

X 

H 


I 


-- 

t"°gt 

O  4*  M  0 

4»T«.>4u3 
0  O  O 

h 

o  p  • 

«o  P*  • 

9  La  o 

^  p4  Z  «>4  C^ 

0  -S 

Q  °  W  \ 

0  J§  to 

S  o  M<0  ^ 

*9  ©  l-'O 

b4*  i-t  Jrf 
0^0 

M  •  0 

ms: 


w  0 

«4  0  o  0  n  <-• 
0<M  d ^  P  0 
o  0  O  4*  o 
r-l  0  g  «)-f  o 
d^d  c 

K  0^  0 

Si-sa-J 

4*  0  0  4»*0 

0<-4  p4  d 
i  p Vi<-4  04a 
C  o  O  0  -0  4* 

d  d  0  0 

p  0  dH  %<  C  •9 
a,4>  o  o  0 
^  ^  O  1^ 


I 

l« 

T»  e 
a 

9  W  • 

Or-4  ^  C 
d«4 

0^  0^ 


•  «H  a  d 
•  «0  43  0  ^  a 
•4  0  «4  0  a  O 
9  JO  m  S  O 


•H  h 


ax  d.  0 

«0  0<»4 


0  0  O 

0  0  0  0  fl 


•o  49  d  e  d 

^  o  o  0 


«4<H  e  0  0^ 

«-«  4*  o  4a  0 


0  0 

o  d 

0  0 


rH  0 
a  fk  0 

8S  .8 

*H  0  “ 

>39  %  44 

0  0  0 
^  0  0  0  0 

dpv4r4  4»^ 


^IS 

^  ..,'S’^E 

0^  0«4 

SS8'32e^ 
•  *"’3S«:C 

*•0  0  '•»hhJ 

0  4a«4  0  0»  A 

O  'O  44  •SSC 
o  0  0^S5 

•  Xd  •SSS$ 
0  0  0 
o  S  F  ^ 

«K  0  L  •. 

:§s|s 

P  d  F  o 

8  0  0»4^ 

^  0 

O 

0  0<-4 
d  0«4  di 

3^S^S 

m  e  s 

o  a  9»-4 

f-t  048  0 

i^U 

0  0  9  • 

Xd<-4  1*0  *• 

f-4  0^  0«H  0 
04»43«^  044 

8^228 


d  Bfc 

e  4  I 

o  m  o#a**«^.  tl 

m6«h  •»•  •  9 ' 


mmu^i 


I 


1  *  w 

ISBS'^ 

^i|i^ 


IKPlIiMS 

s:..s-9'’d3^'a. 

s:*js^2-:ii5 

S-5S5-8  4155 


I 


;»  t!w  •  ’-*5 


